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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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