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Ubiquitin-binding domains (UBDs) provide specificity to
the ubiquitin system, which is also involved in translesion syn-
thesis (TLS) in eukaryotic cells. Upon DNA damage, the UBDs
(UBM domains) of polymerase iota (Pol t) interact with ubigq-
uitinated proliferating cell nuclear antigen to regulate the in-
terchange between processive DNA polymerases and TLS. We
report a biophysical analysis and solution structures of the two
conserved UBM domains located in the C-terminal tail of mu-
rine Pol ¢ in complex with ubiquitin. The 35-amino acid core
folds into a helix-turn-helix motif, which belongs to a novel
domain fold. Similar to other UBDs, UBMs bind to ubiquitin
on the hydrophobic surface delineated by Leu-8, Ile-44, and
Val-70, however, slightly shifted toward the C terminus. In
addition, UBM:s also use electrostatic interactions to stabilize
binding. NMR and fluorescence spectroscopy measurements
revealed that UBMs bind monoubiquitin, and Lys-63- but not
Lys-48-linked chains. Importantly, these biophysical data are
supported by functional studies. Indeed, yeast cells expressing
ubiquitin mutants specifically defective for UBM binding are
viable but sensitive to DNA damaging conditions that require
TLS for repair.

Ubiquitin plays a major role in regulating diverse biological
pathways by changing the function, localization, or turnover
of target proteins. In most cases, ubiquitin gets attached to an
e-amine of a lysine side chain via an isopeptide bond (1) and
serves as a molecular tag by providing an additional binding
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surface, which is recognized by a plethora of different ubiq-
uitin-binding domains (UBDs)® from at least 16 different fam-
ilies (2, 3). Most UBDs use a-helical structures to bind a sol-
vent-exposed hydrophobic patch on the B-sheet of ubiquitin,
which includes Leu-8, Ile-44, and Val-70. The amino acids
surrounding this hydrophobic patch are chemically diverse,
thus allowing for different binding modes (2—4). Ubiquitin
can be attached on target proteins either as single (monoubiq-
uitination) or multiple single moieties (multiubiquitination),
or as several ubiquitins covalently bound to each other in a
chain-like fashion (polyubiquitination). These chains can be
linked to the N terminus or any of the seven different lysines
of ubiquitin; Lys-11 and Lys-48 are the most frequently used,
whereas Lys-48 and Lys-63 are the best studied (5). How
ubiquitin tags and chains are specifically recognized by the
different UBDs remains an important but poorly understood
question (2, 3).

Linkage-dependent spatial conformations taken by differ-
ent ubiquitin chains significantly contribute to the specificity
of UBD-ubiquitin interactions. Some domains exclusively
bind Lys-48- (6, 7) or Lys-63-linked ubiquitin chains (8).
NMR spectroscopy revealed that individual ubiquitin moieties
in Lys-63-linked chains resemble beads on a string, whereas
ubiquitins in Lys-48-linked chains fold onto each other (9,
10). It remains unclear why some domains show a clear pref-
erence toward either form of ubiquitin chains. Moreover, the
binding preference is not conserved within domain families
(3,11-13).

The UBD-containing proteins that bind to the ubiquiti-
nated substrate determine the elicited biological response (2,
3). For example, ubiquitin conjugation as monoubiquitin and
Lys-63-linked polyubiquitin chains emerged as important de-
terminants to ensure faithful DNA replication and genomic
stability (14). In particular, ubiquitination of the proliferating
cell nuclear antigen (PCNA) is thought to signal an appropri-
ate DNA damage response and controls the switch from pro-
cessive DNA replication to translesion synthesis (TLS) at

¢ The abbreviations used are: UBD, ubiquitin-binding domain; PCNA,
proliferating cell nuclear antigen; TLS, translesion synthesis; Ub, ubig-
uitin; UBZ, ubiquitin-binding zinc finger; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonic acid; NOESY, nuclear Over-
hauser and exchange spectroscopy; UPL, upper distance limit; 4NQO,
4-nitroquinoline-1-oxide.
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stalled forks. A set of conserved, error-prone polymerases can
bypass the lesion, which would otherwise block DNA replica-
tion. Evidence suggests that the functional integrity of special-
ized UBDs classified as UBM and UBZ domains is essential
for the proper localization of TLS polymerases to damage-
induced stalled replication foci and for cellular survival fol-
lowing DNA damage (15). Interestingly, UBM and UBZ do-
mains are less dependent on Ile-44 in the classical binding
patch on ubiquitin compared with other UBDs (16), raising
the question whether these domains interact with ubiquitin
through a distinct binding mode.

Very recently, an NMR structure of the UBM2 domain of
human polymerase iota (Pol ¢) fused to GB1 (17) in complex
with ubiquitin has been published (Protein Data Bank codes
2KHU and 2KHW) (18). Binding affinities of ubiquitin to the
wild type and mutated fusion protein were analyzed using
isothermal titration calorimetry. Confirming earlier results
(16) deletion of either UBM in Pol v abolished the localization
of Pol « to replication foci in UV-irradiated MRCS5 cells, as did
mutations disrupting the fold of UBM2, whereas mutations
disturbing the binding interface only impaired the localization
of human Pol ¢ and yeast Revl.

Here, we report the NMR solution structures of the two
UBM domains of the murine Y-family translesion Pol t (see
domain organization in supplemental Fig. 1) in complex with
ubiquitin. Despite their low sequence identity of 25%, both
small UBMs fold into a similar, previously unreported helix-
turn-helix motif that is independent of its binding partner
ubiquitin. Our detailed structural and mutational analysis
revealed that both UBM domains bind ubiquitin using the
usual binding surface for UBDs. However, not the entire hy-
drophobic surface of ubiquitin is used, and in addition, elec-
trostatic interactions stabilize the binding. Fluorescence spec-
troscopy revealed that UBM2 excludes Lys-48-linked
ubiquitin chains but binds to any freely accessible ubiquitin
binding surface with similar strength. We conclude that UBM
domains assemble in a novel structural fold that ensures
specific ubiquitin binding by a mechanism resembling allova-
lency, which is important for error-free DNA synthesis in
vivo.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—UBM]1 and UBM2
single domain constructs were cloned into a pGEX-4T vector
as a C-terminal fusion to GST; ubiquitin was encoded on
pET19b. Single amino acid substitutions used for fluorescence
titrations were obtained using site-directed mutagenesis. All
plasmids contained an ampicillin/carbenicillin resistance gene
for selection and a lac-inducible T7 promotor. Clones were
confirmed via sequence analysis.

Unlabeled, ®N- and '°N,'*C-labeled protein was expressed
in Escherichia coli BL21DE3Star (Invitrogen) in LB (unla-
beled) or M9 minimal medium. Cells were grown at 37 °C,
induced with 0.2 mwm isopropyl 1-thio-3-p-galactopyranoside
(final), harvested upon growth arrest, and resuspended in lysis
buffer (1 PBS, 300 mm KCI, 10% glycerol, 0.5 mm EDTA,
150 uM PMSF, cOmplete inhibitor tablets (Roche)) at a ratio
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of 5 ml/g wet pellet. Cells were lysed by French press and
cleared of insoluble parts by centrifugation at 48,000 X g.

The GST-fusion proteins were bound in batch mode on
freshly prepared glutathione-Sepharose beads (GE Health-
care) at room temperature for 3 h. The beads were washed
five times each with lysis buffer and PBS (10 times bead vol-
ume). UBM domains were cleaved off using thrombin (Amer-
sham Biosciences) (UBM1, 10 units/ml, 25 °C for 20 h; UBM2,
5 units/ml, 15 °C for 12 h).

For ubiquitin, the bulk of the proteins were precipitated
using perchloric acid at a final concentration of 3.5% and
40 °C for 10 min. After centrifugation at 48,000 X g, the su-
pernatant containing ubiquitin was neutralized using satu-
rated Tris base solution.

Buffers were exchanged to ion exchange binding buffers
(UBMs, 10 mm sodium phosphate buffer, 2.7 mm KCI, 10 mm
NaCl, pH 8.5; Ub, 20 mM ammonium acetate, pH 4.5) using a
HiPrep 26/10 desalting column, and the proteins were bound
to a Resource Q (UBMs) or Resource S (Ub) ion exchange
column, of which they were eluted by a gradient of elution
buffer (UBMs, 10 mMm sodium phosphate buffer, 2.7 mm KCl,
2 M NaCl, pH 8.5; Ub, 250 mM ammonium acetate, pH 7.6).
Rebuffering to NMR buffer (25 mm sodium phosphate buffer,
100 mm KCl, 25 mm NaCl, 2 mm CHAPS, pH 6.0) was per-
formed using a Superdex 75 10/30 gel filtration column. Typi-
cal yields per liter medium were 2.5 and 25 mg, for unlabeled
UBMs and ubiquitin, respectively, and 1.6 and 15 mg for the
corresponding labeled proteins.

NMR Analysis—All NMR experiments were performed at
15 °C. For UBM1, the initial titrations with unlabeled ubiq-
uitin as well as heteronuclear NOE experiments were per-
formed with '>N-labeled UBM1* that contained additional
flanking residues, all other experiments with UBM1 (supple-
mental Fig. 3).

Titrations to characterize the binding interaction and for
thermal denaturation were recorded as series of ['H,'°N]- and
['H,'*C]-HSQC spectra, respectively. For the characterization
of protein-protein interactions, the isotope-labeled com-
pound was 7-fold overtitrated with its unlabeled binding part-
ner. Combined chemical shift changes (A8) were calculated
using the formulas A8 = VAS('H)? + (%A8(*°N))? for 'H
attached to N and A8 = VAS(*H)? + (14AS(*3C))? for 'H
attached to ">C, respectively (19).

Chemical shift changes A8 were fitted assuming one inter-
action site per molecule using the formula, A6 = A (K, +
[Lol + [P]) = V(K + [Lo] + [P])? — @IPI[L])/2[P,)), where
Aé is the chemical shift change, A3, ., is the chemical shift
change at saturation, K, is the dissociation constant, [L,] is the
total ligand (Ub) concentration, and [P,] is the total protein
(UBM) concentration (20). The maximal A8 values were reached
at ~4-fold overtitration; this ratio was used for all NMR samples
to saturate the NMR-observable isotope-labeled compound in
the complexes of UBMs and ubiquitin with unlabeled binding
partner (supplemental Fig. 2).

Sequence-specific resonance assignment of the different
constructs was based on HNCA, HNCACB (supplemental Fig.
13), and HCcH-COSY as well as **C- and *°N-resolved ['H-
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"H]-NOESY experiments. Overall, >97% of all the resonances
in the spectra of the UBM-ubiquitin complexes were assigned.
For the determination of the structure of the UBM-ubiquitin
complexes, **C- and '*N-resolved ['H-"H]-NOESY experiments

(mixing time, 80 ms) were acquired. For the characterization of
the binding interface *C-resolved ['H,'H-(**C-edited)]-NOESY

experiments (mixing time, 120 ms) were measured of **C,'°N-
labeled UBM domains in complex with unlabeled ubiquitin and
vice versa (21). The NOEs in these spectra were analyzed and
assigned manually and added to the otherwise automated struc-
ture calculation, during which they were verified.

Structure Calculations of UBM:-Ubiquitin Complex—Struc-
ture calculations of UBM-ubiquitin complexes were performed
using UNIO’08 1.0.4, which combines ATNOS/CANDID
(22, 23) with different molecular dynamics programs. We
used the following input: a set of >N-resolved and aromatic
and aliphatic **C-resolved ['H-'H]-NOESYs for labeled UBM
overtitrated with unlabeled ubiquitin and vice versa (six spec-
tra per UBM-Ub complex), a list of ambiguous and unambig-
uous intermolecular upper distance constraints (UPLs) all set
to 5.5 A, a combined assignment list of both binding partners
and the amino acid sequence of the complex, containing a
22-dummy residue linker between UBM and ubiquitin for
CYANA (24) calculations. The lists of intermolecular UPLs
(136 or 99 ambiguous and 36 or 73 unambiguous UPLs for
UBM1 or UBM2, respectively) were automatically evaluated
during the structure calculation using a consistency check and
network anchoring (23). In the final step, 97 and 96 unambig-
uous intermolecular UPLs were available for the complexes of
UBM1 and UBM2, respectively.

Structure calculations were performed in seven cycles with
100 structures per cycle, of which the twenty with the lowest
target functions were selected for the following cycle. The
molecular dynamics step of the last cycle was manually re-
peated with CYANA using 200 starting structures and select-
ing the 40 best structures, which were used as input for en-
ergy minimization and refinement using AMBER9 (25) with
the force field ff99 (26). The final structures are represented
by the 20 complex structures with the lowest energy (Table 1;
see Fig. 1, A and B, and Fig. 2, B and C). MOLMOL (27) was
used to analyze the conformers and to prepare the figures
showing molecular models.

Fluorescence Titrations—Increasing amounts of ubiquitin
were added to the UBM2 domains, whose intrinsic trypto-
phan fluorescence signal was monitored. The measurements
were performed at 24 °C with initial concentrations of UBM2
of 30 uMm; excitation and emission wavelengths were at 280
and 345 nm, respectively. Titrations were repeated four times,
and the binding curves were fitted using F = F, X C, + AF X
(g — Vg — h),whereg = Cs + K, + pC,, h = 4pC,,C,,
and AF = F,, — F,. F, and F 4 represent the fluorescence
signal of free protein A (UBM2) and the complex AS
(UBM2-Ub), respectively, C, is the total concentration of
UBM2, C is the total concentration of the substrate S (Ub),
and p is the stoichiometry value (28).

Yeast Strains and Yeast Assays—All yeast strains used in
this study (supplemental Table 1) were derived from LHY461
(4), where the four endogenous Ub genes have been deleted,
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and Ub is only expressed from a LYS2-marked plasmid.
Strains expressing Ub mutants were obtained by transforming
LHY461 with URA3-marked plasmids encoding wild type or
the T66A, H68A, and T9A Ub mutants (4). The transfor-
mants were propagated on a medium containing aminoadi-
pate to counterselect the LYS2-marked plasmid and therefore
obtain new strains expressing Ub from the URA3-marked
plasmids. The reviA strains expressing different Ub mutants
were obtained similarly after having first replaced REV1 in
LHY461 by a KAN resistance cassette using homologous
recombination.

To analyze the genetic interaction between REV1 deletion
and ubiquitin mutants, we spotted equivalent amounts of
each strain in 5-fold serial dilutions onto yeast extract-pep-
tone-dextrose (YPD) plates containing increasing concentra-
tions of 4-nitroquinoline-1-oxide (4NQO, Sigma). Pictures of
the plates were recorded after 3 days of growth at 30 °C.

RESULTS

NMR Structure of UBM1 and UBM?2 Bound to Ubiquitin—
For the determination of the solution structure of the two
UBM domains, UBM1 and UBM2 of murine Pol ¢ in complex
with ubiquitin, we expressed the two domains as GST-fusion
proteins in E. coli and cleaved GST with thrombin. The final
sequences of the domains are reported in supplemental Fig. 3.
The structures of both UBMs within the UBM-ubiquitin com-
plex are well defined, and the important features defining the
UBM structures and binding mode to Ub were the same for
UBMI (Fig. 14) and UBM2 (Fig. 1B).

The structures of the entire Ub-UBM1 and Ub-UBM2 com-
plexes are well defined with overall backbone root mean
square deviation values of 0.67 + 14 A and 0.54 = 12 A, re-
spectively (Table 1). With the almost complete assignment of
the spectra, NOE data are fully used, and a further refinement
of the structures requires additional data, e.g. residual dipolar
couplings or scalar couplings. However, averaging of these
parameters over free and bound conformations has poten-
tially much more detrimental effects on the structure than the
averaging of NOEs (see also “Discussion”). Thus, we decided
to stay with the given precision, which is also sufficient for the
characterization of the binding interface.

The structures consisted of a yet unreported type of the
helix-turn-helix motif (see “Discussion”) where the first helix
was longer than the second, and the turn was comprised of a
highly conserved Leu-Pro motif. This motif has a similar spa-
tial arrangement for UBM1 and UBM2 (Fig. 1C and supple-
mental Fig. 4; positioning on ubiquitin is shown in supple-
mental Fig. 5). In UBML1, the helices included residues
502-507 and 510-517, and in UBM2, helices included 687—
692 and 695-707. These residues showed protection against
exchange of amide hydrogens to deuterons in a NMR spec-
trum measured 30 min after buffer exchange from H,O to
D, 0, indicating the presence of hydrogen bonds.

The N termini of both UBM domains and the C terminus
of UBM1 were partially folded and looped back onto the
structure extending the hydrophobic surface (Fig. 1, A and B)
and contributing to a small hydrophobic core. UBM1 was
only comprised of a very small hydrophobic core between the
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90°

A

FIGURE 1. Structural features of the UBM domains. A, superposition of the 20 lowest energy NMR structures of UBM1 bound to ubiquitin (not shown),
residues 491 to 526 are shown. B, same as A for UBM2; residues 675 to 710 are shown. C, superposition of the structures of UBM1 (orange/red) and UBM2
(blue) bound to ubiquitin (not shown). D, view of the hydrophobic core of UBM1; important residues are shown in gray. E, same as D for UBM2. Note that in
all ribbon representations, we used the lowest energy structures that best represented the features we wanted to show in a particular figure.

two helices, which consisted of parts of the residues Leu-496,
Pro-497, Val-500, Phe-505, Leu-508, and Ile-516 (Fig. 1D).
The larger hydrophobic core of UBM2 was composed of the
four aromatic side chains of Phe-681, Phe-690, Tyr-691, and
Trp-705 and the aliphatic residues Leu-679, Pro-687, Leu-
701, and Met-702 (Fig. 1E).

Our data on UBM1 and UBM2 indicate that both domains
are folded in complex with ubiquitin. The generally small
chemical shift changes upon titration of the free domains with
ubiquitin (supplemental Fig. 6, A and B) suggest that they
adopt a very similar conformation free in aqueous solution as
in the complex. This conclusion is supported by hetero-
nuclear NOE measurements between protons and nitrogens
in the backbone amide groups, which provide a measure of
the rigidity of the polypeptide backbone (29, 30). Although
the backbone rigidity of UBM2 only marginally increased
upon ubiquitin binding (Fig. 2G), a bigger increase in rigidity
was observed with UBM1, although both leveled off at com-
parable values of 0.8 on the ordinate for the core of the do-
mains. The smaller hydrophobic core of UBM1 may explain
its higher structural flexibility compared with UBM2. How-
ever, thermal denaturation experiments with free UBM1 and
UBM2 monitored by NMR and by CD spectroscopy failed to
reveal a clear transition between the folded and unfolded
state. Instead, a gradual change was observed, suggesting that
the various conformations of these small domains may be in
equilibrium (supplemental Fig. 7). Still, our data suggest that
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UBM1 and UBM2 are independently folding domains, pos-
sessing a hydrophobic core and a specific interaction surface;
thus, they do not seem to change their fold upon binding to
ubiquitin.

Ubiquitin-binding Surface of UBM1 and UBM2—The
structural details of the binding interface between UBM1 or
UBM2 and ubiquitin were delineated from intermolecular
NOE interactions (Fig. 24), which were part of the input for
the calculation of the complex structure. For UBM1 and
UBM2, 97 and 96 intermolecular UPLs, respectively, were
used. Consistent with NMR titration experiments, relatively
strong NOEs were observed between Leu-8 on ubiquitin and
Val-500 and Val-504 on UBM1 or the corresponding posi-
tions defined by Ile-685, Val-689 on UBM2; further between
Leu-508, Ile-512 (UBM1), or Leu-693, Val-697 (UBM2) and
Ile-44 (Ub), as well as between Leu-508, Ile-512, and Ile-516
(UBM1) or Leu-693, Val-697, Leu-701 (UBM2), and Val-70
(UDb). In addition, for several UBM1 and UBM2 residues close
to the ubiquitin C terminus, small chemical shift perturba-
tions and weak intermolecular contacts were detectable.
These results suggest that like other UBDs, UBM domains
bind ubiquitin on or close to the classical patch delineated by
Leu-8, Ile-44, and Val-70, which offers a mainly hydrophobic
surface.

In the NMR structures of the UBM-Ub complexes, Leu-8
and Val-70 are buried within the interface, whereas Ile-44 is
positioned at the edge of the binding surface (Fig. 2, D and E).
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TABLE 1

Input for the structure calculation and characterization of the 20 best energy-minimized NMR structures of UBM1 or UBM2 in complex with

ubiquitin

UBM1 bound to Ub

UBM2 bound to Ub

Quantity

NOE-derived UPLs”
Intraresidual (|i — j| = 0)
Short range (|i 71’(: 1)
Medium range (2 < |i — j| = 4)
Long range (i — j| = 5)

2862 (UBML, 995; Ub, 1867)
684 (UBML, 241; Ub, 443)

825 (UBM1, 332; Ub, 493
723 (UBM1, 297; Ub, 426
630 (UBML, 125; Ub, 505

2758 (UBM2, 970; Ub, 1788)
672 (UBM2, 224; Ub, 448)
760 (UBM2, 324; Ub, 436)
778 (UBM2, 356; Ub, 422)
548 (UBM2, 66; Ub, 482)

NOE-derived inter-UPLs

97

96

Dihedral angle constraints

432 (UBM1, 154; Ub, 278)

440 (UBM2, 164; Ub, 276)

Residual target function (A%)” 4.17 = 0.82 8.12 *+ 1.06
Residual NOE violations
n>01A . 83*6 92 4
Maximum (A) 0.36 = 0.05 0.37 £ 0.07
Residual angle violations
n>25° 0x1 2*1°
Maximum (°) 2.01 £1.51° 596 * 1.71°

Amber energies (kcal/mol)
Total
Van der Waals
Electrostatic

4537.48 = 13.23
690.23 * 11.20
8574.20 * 273.49

4549.38 * 16.40
677.62 * 15.25
8476.00 * 285.50

r.m.s.d. from ideal geometry®
Bond lengths (A)
Bond angles (°)

0.00376 * 0.00009
1.424 *+ 0.022°

0.00401 = 0.00007
1.624 = 0.018°

r.m.s.d. to the mean coordinates (A)°

bb (UBM domain + Ub 1-73) 0.67 * 0.14 0.54 + 0.12
ha (UBM domain + Ub 1-73) 0.98 * 0.11 0.81 = 0.11
bb (UBM domain) 0.63 = 0.15 0.40 = 0.10
ha (UBM domain) 1.07 * 0.14 0.79 + 0.11
bb (Ub 1-73) 0.32 = 0.07 0.31 = 0.07
ha (Ub 1-73) 0.67 = 0.07 0.62 + 0.08
Ramachandran plot statistics (%)

Most favored regions 68.0 = 2.7 65.1 = 2.6
Additionally allowed regions 284 238 294 * 24
Generously allowed regions 24+ 1.1 32x0.7
Disallowed regions 1.1*06 23 +0.8

“ Intramolecular UPLs between residues with sequence positions i and j are shown.
® The residual target function of all 40 structures calculated by CYANA is shown.

¢r.m.s.d. indicates root mean square deviation; bb indicates backbone atoms N, C%, and C’; and ha indicates all heavy atoms. UBM domain represents residues 491-526 for
UBM1 and residues 675-710 for UBM2. These regions match the predicted size of the domains and are supported by long range NOEs.

4 Ramachandran plot statistics were determined using PROCHECK (54, 55).

Compared with other UBDs, the binding surface of UBM do-
mains is smaller and slightly shifted away from Ile-44 toward
Leu-8 and Val-70. Thus, although Ile-44 clearly contributes
toward the overall binding strength of UBM domains, it is not
essential (see below). On the UBM side, five conserved bulky
hydrophobic side chains are involved in forming the interface
(Fig. 2D, E; methyl-methyl NOEs in supplemental Fig. 8). For
UBM], these residues are Val-500 located N-terminal of the
first helix, Val-504 in the first helix, Leu-508 from the con-
served Leu-Pro motif in the loop between the helices and
Ile-512 and Ile-516 from the second helix. In UBM2, the re-
spective residues are Ile-685, Val-689, Leu-693, Val-697, and
Leu-701. On both domains, these side chains form a hydro-
phobic pocket, into which ubiquitin Val-70 and Leu-8 fit (Fig.
2, D and E).

Further characterization of the binding interface between
ubiquitin and the UBMs was determined by monitoring
chemical shift changes of backbone amide groups of '°N-la-
beled UBMs upon titration with unlabeled ubiquitin (Fig. 3, A
and B). The largest chemical shift changes were observed for
the residues in the binding interface identified in the structure
of the complex (supplemental Fig. 9). From the dependence of
the chemical shift changes versus the concentration ratio of
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the two binding partners, the dissociation constant K, toward
ubiquitin can be determined. The average K, calculated from
the five residues showing the largest traceable chemical shift
changes was 90 um for UBM1 and 51 um for UBM2, respec-
tively (Fig. 3, C and D).

Both NMR structure calculations and NMR titration exper-
iments suggest that Arg-42 in ubiquitin forms a salt bridge
with the highly conserved acidic residues Asp-511/Glu-515 in
UBML1 or Glu-700 in UBM2 (Fig. 3E). During energy minimi-
zation, these charged groups fulfilled in most structures (60%
for UBM1 and 75% for UBM2) the distance constraints for
groups forming ion pairs (31, 32). As NMR provides only indi-
rect evidence for salt bridges, a UBM2 mutant was produced,
where Glu-700 was replaced by glutamine. This conservative
E700Q mutant abolishes the charge but preserves the size and
shape of the side chain. To confirm the dissociation constant
obtained by NMR for WT UBMs and in view of titrations
with diubiquitins (see below), we decided to monitor the titra-
tions by tryptophan fluorescence spectroscopy. However, these
measurements could only be performed with UBM2, which con-
tains a well positioned intrinsic tryptophan (Trp-705), whereas
UBM1 does not contain tryptophan. Consistent with the NMR
experiments, titrating increasing amounts of ubiquitin into a
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FIGURE 2. Characterization of the binding interface between UBMs and ubiquitin. A, strips extracted from a three-dimensional '*C-resolved ['H,"H]-
NOESY spectrum showing intermolecular NOEs between ubiquitin and UBM1 (left five strips) and between ubiquitin and UBM2 (right); chemical shift posi-
tions of important interface residues of ubiquitin are indicated by arrows on the left; interacting UBM residues are marked on the top of the individual strips.
B, superposition of the 20 lowest energy NMR structure of the UBM1-ubiquitin complex; the root mean square deviation of the superposition is minimized
for the complex (residues 491-526 of UBM1 and residues 1-73 for ubiquitin; root mean square deviation minimized only for ubiquitin see supplemental Fig.
11). C, superposition of the 20 lowest energy NMR structures of the UBM2-ubiquitin complex; the root mean square deviation of the superposition is mini-
mized for the complex (residues 675-710 of UBM2 and residues 1-73 for ubiquitin). D, binding interface between UBM1 and ubiquitin; hydrophobic side
chains involved in the interaction are shown as stick models, which are labeled with the residue number in magenta for UBM1 and in dark gray for ubiquitin.

E, same as D for UBM2, with labeling in cyan. F, ">N{'H}-heteronuclear NOE values plotted versus the sequence of UBM1 in the absence (light gray) and pres-
ence (dark gray) of ubiquitin. G, same as F for UBM2.

0.0

solution of WT and UBM2-E700Q (Fig. 3F) revealed a K, of WT UBM Domains Bind Monoubiquitin and Lys-63- but Not

UBM2 toward ubiquitin of ~50 um (Fig. 3, C and D). Interest- Lys-48-linked Diubiquitin Chains—In response to DNA dam-
ingly, the corresponding K, for UBM2-E700Q was increased age, PCNA can be either monoubiquitinated or Lys-63-poly-
3-fold to 150 uMm, which confirms that the electrostatic interac- ubiquitinated, and the two modifications have different

tion contributes substantially to the binding. biological outputs. Monoubiquitination induces the fast but
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FIGURE 3. Binding affinities derived from titration experiments. A, detail
of overlaid ['H,"*N]-HSQC spectra showing chemical shift changes of back-
bone amide groups of '°N-labeled UBM1 upon titration with unlabeled
ubiquitin, the concentration ratios Ub:UBM1 are color-coded: red, 0.0; ma-
genta, 0.5; violet, 1.1; and cyan, 5.0. B, same as A for UBM2. C, chemical shift
changes of amide groups, A8, versus the concentration ratio UBM1:Ub for
selected residues in UBM1. An average dissociation constant, K, of 90 um
was obtained from the curves. D, same as C but for UBM2; K, = 51 um.

E, electrostatic interaction between UBM1 (left) or UBM2 (right) and ubiquitin.
The involved residues are Asp-511/Glu-515 in UBM1, Glu-700 in UBM2 and
Arg-42 in ubiquitin (also see supplemental Fig. 12). F, titrations of UBM2
with ubiquitin monitored by fluorescence spectroscopy; the UBM2 mutant
E700Q, which abolishes the electrostatic interaction, is compared with
UBM2-WT. G, titrations of UBM2 with ubiquitin, Lys-48-diubiquitin, or Lys-
63-diubiquitin monitored by fluorescence spectroscopy. The abscissa de-
picts the molar ratio between ubiquitin and UBM?2, i.e. one diubiquitin cor-
responds to two Ub.

error-prone translesion synthesis (33), whereas Lys-63-
polyubiquitinated PCNA induces a slower and less error-
prone repair pathway using sister strand recombination (34,
35). This fact raises the question of whether UBM domains
show a differential binding affinity and/or specificity toward
monoubiquitin and ubiquitin chains. We measured the bind-
ing affinities of UBM2 to Lys-48-linked diubiquitin and to
Lys-63-linked diubiquitin using fluorescence spectroscopy.
UBM2 was unable to bind to Lys-48-linked diubiquitin (Fig.
3G), which is not surprising as the UBM binding site is oc-
cluded in Lys-48-linked chains (10). In contrast, Lys-63-linked
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FIGURE 4. In vitro and in vivo mutational analyses. A, ribbon representa-
tion of the complex of ubiquitin (gray) and UBM2 (blue) showing the posi-
tions of the mutated amino acids (stick plot) used to characterize the inter-
face between Ub and UBM2; the indicated residues were individually
mutated to Ala. B, concentration ratio of Ub:UBM2 versus the fluorescence
signal obtained upon titration of UBM2 with Ub-WT and the Ub mutations
indicated in the figure; the same color code is used for the residues as in A.
C, assay of the interaction between UBMs and Ub in different S. cerevisiae
strains; for WT ubiquitin and the ubiquitin mutants T66A, H68A, and T9A,
a strain with or without REVT (rev1A) was constructed. Sensitivity of all eight
strains on yeast extract-peptone-dextrose (YPD) medium subjected to in-
creasing concentrations of 4NQO was monitored; growth of the same
strains on YPD only is shown as a control.

diubiquitin were readily bound by UBM2 with an apparently
decreased K, of 14 uM compared with monoubiquitin. The
additive increase in binding of UBM2 to Lys-63-linked diu-
biquitin chains may be due to the fact that both UBM binding
sites are accessible in Lys-63-linked diubiquitin. Thus, UBMs
do not seem to be specific Lys-63-linked chain-binding do-
mains but bind any accessible ubiquitin interface in monou-
biquitin or ubiquitin chains.

Mutational Analysis of Hydrophobic UBM-Ubiquitin Bind-
ing Surface—Based on the NMR structure of the UBM-Ub
complex, we investigated the interaction between UBM2 and
several ubiquitin mutants (L8A, [44A, T66A, H68A, and
V70A) using titration experiments monitored by tryptophan
fluorescence spectroscopy. The localization of the mutated
residues on the ubiquitin surface is displayed in Fig. 4A. For
the L8A Ub mutant, no binding to UBM2 could be detected
(Fig. 4B). The other Ub mutants showed increased K, values
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of ~85 um (1.7-fold increase), 105 uM (2.1-fold increase), 245
uM (4.9-fold increase), and 330 um (6.6-fold increase) for
T66A, H68A, V70A, and 144A respectively (Fig. 4B). Although
T66A and H68A are not directly at the interface, their K, val-
ues were slightly increased. This assay also confirms that the
144A Ub mutant is still able to interact with UBM2, albeit
weakly (16). In summary, our quantitative binding experi-
ments combined with the mutational analysis confirm the
functional importance of the hydrophobic surface residues
involved in UBM binding and indicate that UBM domains
interact with ubiquitin on a surface that is similar to other
ubiquitin-binding proteins but slightly shifted away from
Ile-44 toward Leu-8 and Val-70.

A Functional Ubiquitin-UBM Interaction Is Required for
Polymerase v Function in Vivo—The UBM-ubiquitin interac-
tion is essential for Pol v and Rev1 function in Saccharomyces
cerevisiae and mammalian cells (16, 36, 37). This finding is
based on experiments with either UBM deletions or UBM
mutants, where the conserved Leu-Pro motif in the loop was
altered, likely disrupting the entire fold (16). To specifically
study the functional importance of the interaction between
the UBMs of Y-family polymerases and ubiquitin, we used
unmodified UBM domains and specific mutants of ubiquitin.
For this assay, we used yeast strains in which the four endoge-
nous Ub genes had been deleted and replaced by a plasmid
encoding wild type or mutated Ub (4). In S. cerevisiae, Rev1 is
the sole Y-family DNA polymerase carrying UBM domains.
Like mammalian Pol ¢, Rev1 has two predicted UBM domains
in its C terminus, but only the second one (UBM2) is required
for Rev1 function in vivo (36).

Unfortunately L8A, V70A, or 144A Ub mutants could not
be analyzed as strains harboring these mutations are not via-
ble (4). However, strains individually expressing the H68A,
T66A, and T9A Ub mutants are viable and were used for the
study. H68A and T66A mutants weaken the interaction with
mouse UBM2 (Fig. 4B), whereas based on our structure of the
UBM:-Ub complex, the T9A mutant should not affect the
binding. Each Ub mutant was analyzed in strains bearing ei-
ther wild type or a REVI deletion. We assessed the sensitivity
of these strains to increasing amounts of the DNA-alkylating
agent 4NQO (Fig. 4C). 4NQO allows for assessment of Rev1
function more specifically than other DNA-damaging agents
because the only other UBD containing Y-family polymerase
in yeast (Rad30) is not involved in 4NQO resistance (38). As
expected, revIA cells expressing wild type Ub were very sensi-
tive to 4NQO. Furthermore, REV1 cells expressing Ub-T66A
were sensitive to 4NQO but to a lesser extent. This phenotype
is consistent with a partial loss of the interaction between
UBM2 of Revl and Ub. Importantly, revIA cells expressing
Ub-T66A were as sensitive to 4NQO as revIA cells expressing
wild type Ub, indicating that the 4NQO sensitivity results
from an impaired Revl1 function. REVI cells expressing the
Ub-H68A mutant were also sensitive to 4NQO, but this sensi-
tivity was further enhanced after deletion of REV1, indicating
that the H68A mutation in Ub impairs not only Rev1 function
but also other processes. Finally, REVI and revIA strains ex-
pressing the Ub-T9A mutant displayed the same sensitivity to
4NQO as the corresponding strains expressing wild type Ub.
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This indicates that Thr-9 of Ub is not required for Rev1 func-
tion in vivo. Taken together, these results demonstrate that
the specific interaction of ubiquitin with the UBM domains of
Revl is required to regulate TLS polymerases at sites of DNA
damage in vivo.

DISCUSSION

We report the NMR solution structures of ubiquitin in
complex with two UBM domains, UBM1 and UBM2, from
murine Pol ¢, which is involved in translesion synthesis in eu-
karyotic cells. The interaction between UBMs and ubiquitin is
weak, which results in averaged NMR spectra of the free and
bound form of the UBMs, i.e. using a 1:1 ratio for the two
partners in the complex may not produce an NMR spectrum
with the signals in the position of the complex. Furthermore,
depending on the dynamic properties the NMR signal may
broaden and become undetectable. Fig. 3, A and B, show that
the NMR signals reach their final position only with ~4-fold
overtitration of ubiquitin and that some signals during the
titration from the free to the overtitrated position are missing.
For a more precise characterization of the bound state of the
NMR-observable, isotope-labeled partner, we used overtitra-
tion of the binding partner, which is not visible (unlabeled) in
the NMR spectrum (see “Experimental Procedures” for
details).

UBM1 and UBM2 have a well defined structure; they fold
independently of their binding partner ubiquitin with a hy-
drophobic core and can therefore be classified as true do-
mains. Both UBMs consist of a well conserved helix-turn-
helix motif and adjacent folded stretches on both sides with
an overall domain size of ~35 residues and constitute a new
kind of fold (18). The only known domain structurally similar
to UBM2 is the C-terminal subdomain of headpiece in villin/
advillin, as determined using DaliLite (version 3) (39). The
36-residue subdomain consisting of three helices has been
reported to fold independently and includes a helix-turn-helix
motif, with a similar Leu-Pro turn between helices 2 and 3
(40); helix 1 is in a similar spatial position as the N terminus
of UBM2. DaliLite failed to find a match for UBM1, but it still
overlaps with the small villin/advillin subdomain. The UBM1
and UBM2 domains free in solution appear to neither fold
cooperatively nor unfold at a specific temperature (supple-
mental Fig. 7). This behavior is likely due to their small size
with a very limited hydrophobic core and the low content of
secondary structure. Thus, under physiological conditions,
several partially unfolded conformations may be present.

The UBMs bind ubiquitin on the classical binding patch
delineated by Leu-8, Ile-44, and Val-70 shifted toward Leu-8
and Val-70. The interface structure shows that both Leu-8
and Val-70 perfectly fit into a hydrophobic pocket formed by
the conserved bulky side chains from either of the two UBMs
(Fig. 2, D and E). This is supported by the binding data (Fig.
4B), which show that Leu-8 is the most important residue.
Whereas the L8A mutant abolishes binding, this is not the
case for Val-70, which may be due to the smaller size differ-
ence upon mutation to alanine. Ile-44 is not part of this
pocket and is instead located at the edge of the hydrophobic
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surface of the UBMs. This could explain why Ile-44 was not
originally thought to be important for binding (16).

Electrostatic interactions between the charged end groups
of different amino acids are proposed to contribute to ubiq-
uitin binding in several UBDs (e.g. UBA, UIM, CUE (11, 41,
42)). For UBM1 and UBM2, we show that a salt bridge be-
tween Arg-42 of Ub and conserved glutamate residues in
UBMs contributes to the binding because the binding affinity
decreases by a factor of three when glutamate is replaced with
glutamine. This observation explains the conservation of the
acidic residues in the different UBMs (supplemental Fig. 10).
Arg-42 appears to also be involved in ion pairing for the inter-
action of ubiquitin with other UBDs (11, 41, 42). Based on this
biophysical data and the observation that the R42A substitu-
tion is lethal in yeast (4), one could speculate that Arg-42 is
involved in the interaction between various UBDs and Ub.
Although we cannot exclude that the observed lethality could
simply be a result of the large size difference of the side
chains, we speculate that salt bridges might be more abundant
in ubiquitin binding than currently appreciated. NMR data
only yield indirect evidence for the presence of a salt bridge
such as changes in chemical shifts or line width. Thus, in gen-
eral, evidence for salt bridges only emerges during energy re-
finement of NMR structures if neighboring charges happen to
be close enough to interact. Therefore, it is not surprising that
electrostatic interactions have not been emphasized in ubiq-
uitin binding so far. However, the fact that the small UBMs
utilize salt bridges to stabilize the interaction as well as the
fact that these small domains rely on Leu-8 and Val-70 for
ubiquitin binding may indicate that the ubiquitin binding sur-
face is more diverse than originally described (2, 14, 43).

The response of the cell to DNA damage is associated with
Lys-63-linked ubiquitin chains (14). Our data suggest that
UBMs are able to bind any ubiquitin moiety, in a chain or not,
as long as the binding surface is free. The increased binding
toward Lys-63-linked diubiquitin appears to be mediated by
normal cooperativity due to the presence of a second binding
site and not due to any specific effect of the Lys-63-linked Ub
chain. This behavior is reminiscent of the interaction mode,
termed allovalency, between multisite phosphorylated sub-
strates and their receptors. We speculate that this mechanism
might be underlying most Lys-63-linked chain-specific bind-
ing events. The inability of the UBMs to bind Lys-48-linked
diubiquitin is likely due to the binding site being occluded by
the chain conformation.

The integrity of the UBM fold is functionally important
(16), and we therefore characterized cell survival upon DNA
damage using ubiquitin surface mutants. Interestingly, we
found that cells expressing Ub-T66A are sensitive to 4NQO
and that this phenotype can be attributed to an impaired
function of Revl. This result confirms our ix vitro data indi-
cating that UBMs exhibit weaker affinity for this Ub mutant.
Furthermore, as subtle changes in the affinity of UBMs for Ub
seriously impair the function of Rev1 in vivo, this suggests
that the function of Rev1 is directly linked to the binding
strength of its UBM to Ub. Previous publications indicate that
the UBDs of TLS polymerases function to recruit the poly-
merases to stalled replication forks (44, 45). Similar to proces-
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sive polymerases, TLS polymerases interact with PCNA irre-
spectively of its ubiquitination status via their PCNA
interaction peptides (45, 46). The affinities of the PCNA inter-
action peptides of human Pol ¢ and Pol 1) for PCNA have re-
cently been shown to be ~0.4 um (47). This is >100 times
stronger than the binding of Ub to the UBMs of mouse Pol ¢
(~90 um for UBM1 and 50 um for UBM2) or to the UBZ of
human Pol 1 (~80 um) (48). Therefore, it appears unlikely
that the recruitment of TLS polymerases to replication foci
depends on a specific interaction of its UBM domains with
monoubiquitinated PCNA. It thus remains unclear how the
low affinity interaction between UBDs and Ub governs the
recruitment and function of TLS polymerases at stalled repli-
cation forks. An intriguing speculation is that it occurs via a sim-
ilar mechanism proposed for multisite phosphorylation interac-
tions. However, in TLS polymerases, the allovalency would occur
between the UBM domains within their long unstructured C
termini and ubiquitinated members of the replication foci. In this
case, the correct localization of the TLS polymerases would de-
pend primarily on the amount of ubiquitin present within the
foci and would therefore be highly dynamic. Removal of ubiq-
uitin moieties within the range of the unstructured C terminus of
TLS polymerases could then enable the switch between poly-
merases at stalled replication forks. This model would also ac-
count for why the rather small decrease in the affinity between
ubiquitin and yeast UBM could have such a drastic effect on cell
survival upon 4NQO treatment.

As previously mentioned, the UBMs of Pol ¢ bind ubiquitin
on the classical hydrophobic patch by interacting with the
same side chains, mainly Leu-8, Ile-44, and Val-70, as do
other a-helical UBDs. Because the UBMs represent a novel
helix-turn-helix fold, the orientation of the helices on ubiq-
uitin differs from other a-helical UBDs, which have distinct
binding modes, e.g. Refs. 49 —52. The UBMs are very small
domains with a binding surface that is smaller than other
UBDs. Consequently, Ile-44 is not entirely buried in the inter-
face, and His-68 interacts with the UBMs only weakly.

Our structure of the ubiquitin-UBM2 complex is very simi-
lar to the central portion of the recently published structure
of the GB1-fusion of UBM2 of human Pol ¢ (supplemental
Table 2) (18). The N-terminal part exhibits a different fold in
which it is folded back on the domain. This difference is prob-
ably a consequence of the different amino acid sequence with
murine UBM2 containing PFPP (with penultimate proline in
the cis conformation) and human UBM2 containing only one
proline in this region. The murine structures of the weakly
binding protein-protein complex seem to be less precise than
the human homologs. However, we did not use residual dipo-
lar couplings as structural restraints because the presence of
fast-exchanging conformations of the UBM domains pro-
duces averaged residual dipolar coupling values, which may
easily result in an artificial precision of the structural bundle.

The binding of ubiquitin to human UBM2 (18) is about
three times stronger than for murine UBM2. We determined
binding affinities with NMR and fluorescence spectroscopy,
whereas for human UBM2, isothermal titration calorimetry
was used. The observed difference could be inherent or may
be in part due the use of a fusion protein in which human
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UBM2 accounts for less than one-third of the construct. In-
terestingly, the K, value measured for the similarly sized UBZ
domain of Pol 7 (48) was comparable with the ones we ob-
tained for murine UBM2.

In general, UBM domains are not widespread within the pro-
teome of human and yeast. In humans, the proteins possessing
these domains are Revl, Pol , XPG, and MULE, whereas in
yeast, three proteins possess UBM domains; Revl, Rad2 (the
homolog of the human XPG protein), and the HECT E3 ligase
Tom1 (the homolog of MULE) (53). With the exception of
Toml, all proteins are involved in DNA damage processing. The
role of Tom1 is reported to be mRNA export, transcriptional
activation, and degradation of histones. Therefore, the cells
might limit the use of UBM domains to DNA proximal
processes.
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