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SUMMARY

Translesion synthesis is an essential cell survival
strategy to promote replication after DNA damage.
The accumulation of Y family polymerases (pol) i

and Rev1 at the stalled replication machinery is medi-
ated by the ubiquitin-binding motifs (UBMs) of the
polymerases and enhanced by PCNA monoubiquiti-
nation. We report the solution structures of the
C-terminal UBM of human pol i and its complex with
ubiquitin. Distinct from other ubiquitin-binding
domains, the UBM binds to the hydrophobic surface
of ubiquitin centered at L8. Accordingly, mutation of
L8A, but not I44A, of ubiquitin abolishes UBM binding.
Human pol i contains two functional UBMs, both
contributing to replication foci formation. In contrast,
only the second UBM of Saccharomyces cerevisiae
Rev1 binds to ubiquitin and is essential for Rev1-
dependent cell survival and mutagenesis. Point muta-
tions disrupting the UBM-ubiquitin interaction also
impair the accumulation of pol i in replication foci
and Rev1-mediated DNA damage tolerance in vivo.

INTRODUCTION

DNA lesions caused by endogenous and exogenous damaging

agents block the activity of high-fidelity replicases at the replica-

tion fork and hinder the faithful duplication of genomic informa-

tion. In addition to employing highly complex repair mecha-

nisms, cells utilize specialized DNA polymerases to synthesize

DNA across the lesion sites (translesion synthesis, TLS) to

promote cell survival and genomic integrity. The majority of the

polymerases involved in translesion synthesis belong to the Y

family of DNA polymerases that are characterized by a less-

stringent active site and lower processivity compared to the

high-fidelity replicases (Ohmori et al., 2001). Although these

TLS polymerases are able to accommodate a variety of DNA

lesions, including large bulky adducts, they are frequently muta-

genic when replicating undamaged DNA. Therefore, the switch
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between the TLS polymerases and high-fidelity replicases at

the stalled replication fork during active DNA replication is tightly

regulated.

Recent studies suggest that the accumulation of the TLS

polymerases at the stalled replication fork is mediated by the

monoubiquitination of the proliferating cell nuclear antigen

(PCNA) in response to DNA damage (Hoege et al., 2002; Kan-

nouche et al., 2004). This activity also depends on the presence

of the highly conserved ubiquitin-binding domains within the

polymerases—notably, the ubiquitin-binding motif (UBM) of

pol i and Rev1 and the ubiquitin-binding zinc finger (UBZ) of

pol h and pol k (Bienko et al., 2005; Plosky et al., 2006). Mono-

ubiquitination of PCNA enhances the basal interaction between

PCNA and the Y family polymerases and increases the residence

time of the TLS polymerases in the replication foci (Bienko et al.,

2005; Guo et al., 2008; Kannouche et al., 2004; Sabbioneda

et al., 2008; Watanabe et al., 2004). The specific requirement

of the ubiquitin-binding domains of the TLS polymerases for

cell survival after DNA damage and for damage-induced

enhancement of the residence time of the TLS polymerases in

the replication foci in vivo suggests that the interactions between

the UBM and UBZ domains of Y family polymerases and mono-

ubiquitinated PCNA are essential for translesion synthesis.

We previously reported the solution structure of the UBZ

domain of human pol h as a classical C2H2 zinc finger with a

bba fold. The UBZ domain binds to the canonical hydrophobic

surface of ubiquitin, defined by L8, I44, H68, and V70 (Bomar

et al., 2007). In contrast to the UBZ domain and the vast majority

of known ubiquitin-binding domains, the UBM was character-

ized by its unique ability to interact with an I44A ubiquitin mutant

(Bienko et al., 2005).

Two UBMs separated by �30–190 amino acids are found

within the C-terminal part of pol i and Rev1. Although both of

these UBMs in pol i bind to ubiquitin and are required for accu-

mulation of pol i in the replication foci, we show that only the

second UBM of Saccharomyces cerevisiae Rev1 (yeast Rev1)

is a bona fide ubiquitin receptor and is required for cell survival

and mutagenesis. To understand the molecular basis under-

lying the I44Ub-independent UBM-ubiquitin interaction and its

role in translesion synthesis, we determined the solution struc-

tures of the C-terminal UBM (UBM2) of human pol i and its

complex with ubiquitin. The binding between UBM2 and
c.
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Figure 1. Structure of the Human Pol i

UBM2

(A) Backbone traces of the NMR ensemble of 25

structures. Helices and loops are colored in red

and gray, respectively.

(B) Ribbon diagram. Core aromatic residues are

shown in the stick model.

(C) Sequence alignment of UBMs. Conserved resi-

dues are highlighted, with the signature Leu-Pro

motif in purple, hydrophobic residues in brown,

and negatively charged residues in red. Pol i

UBM2 mutations evaluated for ubiquitin binding

and foci formation are labeled with blue circles,

and Rev1 UBM2 mutants assayed for DNA damage

response are indicated by purple asterisks. The

listed genes are: Homo sapiens (Hs) pol i,

AF245438; Mus musculus (Mm) pol i, AAS75834;

Hs Rev1, AAI30412; Mm Rev1, AAF23323; Gallus

gallus (Gg) Rev1, AAV80844; and Saccharomyces

cerevisiae (Sc) Rev1, NP_014991.
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ubiquitin was probed by NMR and isothermal titration calorim-

etry (ITC). We show that point mutants that diminish UBM-ubiq-

uitin binding also result in reduced localization to replication

foci for pol i. Likewise, alanine substitution of the corresponding

ubiquitin-interacting residues in yeast Rev1 impairs Rev1 func-

tion in vivo.

RESULTS

Not All UBMs Are Engaged in Ubiquitin Binding
Both pol i and Rev1 contain two highly conserved UBMs in the

C-terminal part of the protein. To evaluate the ubiquitin-binding

properties of these UBMs, we individually purified the UBMs

from human pol i and yeast Rev1 as GB1-fusion proteins for

increased solubility and stability (Zhou et al., 2001) and moni-

tored their interaction with ubiquitin using NMR titration. Addition

of unlabeled human ubiquitin to 15N-labeled human pol i UBM1

or UBM2 resulted in progressive perturbation for a subset of the

UBM resonances (data not shown), indicating that both UBM1

and UBM2 of pol i are functional ubiquitin-binding domains. Of

interest, titration of 15N-labeled S. cerevisiae Rev1 UBMs with

unlabeled yeast ubiquitin only perturbed the resonances of

UBM2, but not UBM1 (Figure S1 available online), suggesting

that UBM2, but not UBM1, is the functional ubiquitin-binding

domain in S. cerevisiae Rev1. This in vitro observation is consis-

tent with previous results showing that mutation of the highly

conserved ‘‘Leu-Pro’’ motif in the S. cerevisiae Rev1 UBM1

does not affect its function in vivo, whereas mutation of the

same motif in UBM2 has profound defects on the survival and

mutagenesis of cells following DNA damage (D’Souza et al.,

2008; Guo et al., 2006b).
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Solution Structure of the Human
Pol i UBM2
Due to the essential role of the UBMs of

pol i and Rev1 in response to DNA

damage and translesion synthesis, we

determined the solution structure of the
human pol i UBM2 (Figure 1). Except for residues at the termini,

the UBM domain is well structured, with mean pairwise RMSD

values of 0.33 Å and 1.17 Å for the backbone and heavy atoms

of residues 676–707, respectively. Additional statistics on the

structural ensemble are given in Table S1.

Using analytical ultracentrifugation, we found that the UBM2

exists as a monomer in solution (data not shown). The structure

of UBM2 consists of two amphipathic helices that are sup-

ported by an N-terminal loop extending across the C-terminal

helix at a perpendicular angle. The N-terminal loop adopts a

typical b strand conformation, with the side chains of two

hydrophobic residues (I677 and F679) juxtaposed to interact

with the hydrophobic surfaces of the two helices (a1 and a2)

following it. Helix 1 contains a single turn (P685 to F688) and

is positioned at a sharp angle with respect to the N-terminal

loop. The stability of this short helix is greatly enhanced by

the presence of two prototypical N-terminal helix cap residues

(Richardson and Richardson, 1988), D684 and P685, with the

side chain of D684 forming hydrogen bonds with the amides

of Q686 and V687. The C-terminal helix (a2) is significantly

longer than helix 1, extending from residue E693 to R705.

The two helices lie within a plane at an angle of �50–60

degrees and are connected by a short loop containing the

signature Leu-Pro motif that is poised for interaction with ubiq-

uitin. The two helices and the N-terminal loop are packed

together by a core of aromatic residues, including F679 of the

loop, F688 of a1, and W703 of a2 (Figure 1B); the stability of

this aromatic core is further supported by surrounding hydro-

phobic residues, including I677 of the loop; I683, Y689 and

L691 flanking helix 1; and V695, L699 and L700 of helix 2

(Figure 1C).
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Although many of the hydrophobic residues observed in

human pol i UBM2 are highly conserved among all UBMs,

W703 of helix 2 is frequently replaced by a Lys residue in

UBM1 (Figure 1C), suggesting that helix 2 of these UBMs may

be substantially shorter than that of pol i UBM2. Of note, an anal-

ysis of the UBM2 structure with the DALI server did not identify

any known structure with a similar fold.

Ubiquitin Recognition by the UBM2 of Human Pol i

To understand the molecular basis for the I44-independent ubiq-

uitin recognition by the UBM, we further determined the solution

structure of the human pol i UBM2-ubiquitin complex by NMR

(Figure 2; see Table S2 for structural statistics). The overall struc-

tures of UBM2 and ubiquitin in the UBM2-ubiquitin complex are

similar to those of the free proteins, with average ensemble

backbone rmsd values of 0.45 Å and 0.53 Å for UBM2 and ubiq-

uitin, respectively, suggesting that neither ubiquitin nor UBM2

displays a significant conformational change upon complex

formation.

The ubiquitin moiety adopts an a/b-roll topology with an a helix

and a 310 helix packing against a b sheet containing five strands.

A hydrophobic surface, located on the solvent-exposed surface

of the b sheet and known for interacting with most ubiquitin-

binding domains, is recognized by residues from the two helices

of UBM2; however, the overall binding area is noticeably shifted

toward L8 instead of centering at I44 (Figure 2), a critical residue

for most ubiquitin-binding domain (UBD)-ubiquitin interactions

(Chen and Sun, 2009).

A set of hydrophobic residues of UBM2—including I683

located to the N terminal of helix 1, V687 and F688 of helix 1,

L691 and P692 of the invariant Leu-Pro motif connecting helices

a1 and a2, and V695, L699, and W703 of a2—form a network of

hydrophobic interactions encircling L8 and V70 of ubiquitin. This

core binding interface is flanked by peripheral hydrophobic inter-

actions formed between V687, L691, P692, and V695 of UBM2

and I44 and the aliphatic side chains of K6 and H68 of ubiquitin.

The previously discovered ‘‘Leu691-Pro692’’ motif of UBM2 plays

an important role in supporting ubiquitin binding, with the side

chains of L691 inserting into the hydrophobic pocket of ubiquitin

defined by L8, I44, H68, and V70, and P692 nudging into the

shallow surface groove formed by I44, G47, and Q49. Our ITC

measurements showed that alanine substitution of either L691

or P692 significantly reduced the UBM2-ubiquitin binding, and

the L691A/P692A double mutation abolished the interaction

(Table 1). Of interest, the 1H-15N HSQC spectrum of the

L691A/P692A UBM2 double mutant revealed extensive reso-

nance perturbation for many residues distant to the mutated

Leu691-Pro692 motif (data not shown), suggesting that the loss

of ubiquitin-binding affinity of this double mutant likely reflected

a disruption of the UBM2 structure in addition to an interference

of the ubiquitin-binding interface.

Consistent with the structurally observed L8-centric mode of

interaction, mutation of L8AUb completely abolished the

UBM2-ubiquitin interaction; mutation of V70AUb reduced the

binding affinity of wild-type ubiquitin from 15 mM to 167 mM,

whereas the I44A or H68A ubiquitin mutants had the least effect

on the UBM2-binding affinity (83 or 62 mM, respectively). Like-

wise, alanine substitution of the complementary hydrophobic
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residues in UBM2, including I683, V687, F688, V695, and L699,

all reduced the UBM2-ubiquitin-binding affinity (Table 1).

The interaction between ubiquitin and UBM2 also appears to

depend critically on the stability of the N-terminal short helix in

UBM2. Alanine substitution of D684, the N-cap residue of helix

1 in UBM2, disrupted the UBM2-ubiquitin binding. In addition

to the structural role of D684 as a helix cap, its amide group

forms a hydrogen bond with the carbonyl group of L8 of ubiqui-

tin, thus providing an anchoring point for ubiquitin binding.

Supporting this observation, numerous intermolecular NOEs

are observed between the amide proton of D684 of UBM2 and

Ha and Hb of L8, Ha and Hb of T9, and Ha protons of G10 of

ubiquitin. In addition, the side chain of E690, a residue immedi-

ately before the Leu-Pro motif, forms a hydrogen bond with the

side chain of H68 and is well positioned to form a salt bridge

with K6 of ubiquitin.

A subset of the UBM2-ubiquitin intermolecular NOEs is de-

picted in Figure 2E.

Structural Basis of the Ubiquitin-Binding Specificity
of S. cerevisiae Rev1 UBMs
The solution structure of the pol i UBM2-ubiquitin complex

provides a molecular framework to explain why S. cerevisiae

Rev1 UBM1 does not bind ubiquitin, whereas its UBM2 does.

A sequence alignment of the UBMs among various species of

Rev1 and pol i shows that the yeast Rev1 UBM1 contains nearly

all of the highly conserved residues, including the invariant Leu-

Pro motif and numerous residues along the ubiquitin-binding

interface (Figure 1C). However, two functionally important resi-

dues are noticeably different in the yeast Rev1 UBM1. The first

residue is D684 in UBM2 of pol i, which is replaced by T756 in

S. cerevisiae Rev1 UBM1. This highly conserved Asp residue

(occasionally replaced by Glu) serves as an N-cap to stabilize

the short helix (a1) in the UBM, and its substitution by Ala disrup-

ted UBM2-ubiquitin binding (Table 1). Although Thr is also a

good helix cap, as its hydroxyl group can form a hydrogen

bond to the helix, its side chain methyl group is positioned to

generate van der Waals clashes with the b1-b2 loop of ubiquitin,

thus interfering with ubiquitin binding. Indeed, the binding affinity

of the D684T mutant of the human pol i UBM2 (>400 mM)

was significantly reduced from the wild-type protein (15 mM)

(Table 1). Similarly, replacing the highly conserved V687, which

interacts with L8 of ubiquitin, with an Ala residue (A759) in

S. cerevisiae Rev1 UBM1 is expected to impair ubiquitin binding.

Indeed, the V687A pol i UBM2 mutant displayed a reduced

binding affinity toward ubiquitin (94 mM) (Table 1).

Disruption of UBM-Ubiquitin Binding Impairs
Pol i Foci Accumulation
Pol i contains two functional UBMs, and deletion of both UBMs

abolishes the ability of pol i to form replication foci after UV

damage (Bienko et al., 2005). Observations of asynchronized

cells revealed that both pol i and pol h constitutively localize to

replication forks during unperturbed S phase, and their accumu-

lation in foci requires functional ubiquitin-binding domains (Guo

et al., 2006b). Recently, Sabbioneda and coworkers showed

that pol h is transiently immobilized in the replication foci and

that monoubiquitination of PCNA enhances, but is not required
c.



Figure 2. Structure of the Human Pol i UBM2-Ubiquitin Complex

(A) Backbone traces of the NMR ensemble of 25 structures. Strands, helices, and loops are colored in blue, red, and gray, respectively.

(B) Ribbon diagram of the complex, with UBM2 in pale green and ubiquitin in orange. Side chains of ubiquitin-interacting residues are shown in the stick model.

(C and D) Side (C) and front (D) views of the ubiquitin-binding interface on UBM2 depict an interaction network centered at L8, instead of I44, of ubiquitin.

(E) Representative strips of intermolecular NOE cross-peaks between UBM2 and ubiquitin from the [F1] 13C-purged, [F2] 13C-separated NOESY-HSQC spectra.

Only one of the two binding partners is 13C labeled. Red asterisks denote diagonal proton positions. Resonances of UBM2 and ubiquitin are colored in pale green

and orange, respectively.
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Table 1. Binding Constants Measured by ITC

UBM2 Ubiquitin Kd

WT WT 15 mM

I683A WT 78 mM

D684A WT NDB

D684T WT NDB

V687A WT 94 mM

F688A WT NDB

L691A WT 110 mM

P692A WT 167 mM

L691A/P692A WT NDB

V695A WT 295 mM

L699A WT 186 mM

WT L8A NDB

WT I44A 83 mM

WT H68A 62 mM

WT V70A 167 mM

NDB: No detectable binding or too weak to fit reliably (Kd > 400 mM).
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for, its foci formation (Sabbioneda et al., 2008). Taken together,

these studies suggest that the ubiquitin-binding domains of Y

family polymerases serve a dual function: recruiting polymerases

to replication foci and facilitating their interaction with PCNA

under DNA damage conditions.

To evaluate the functional role of the UBMs and establish the

connection between the ubiquitin-binding property of individual

UBMs and pol i’s ability to localize to replication foci, we

compared mouse pol i constructs containing either the UBM1

or UBM2 deletion with the wild-type protein for their ability to

accumulate in replication foci during S phase (Figure 3A). For

cells transfected with the wild-type EYFP-pol i construct, repli-

cation foci were observed in 22.9% ± 2.3% of cells, which

corresponds to the average percentage of cells in S phase. No

replication foci accumulation was observed for cells transfected

with pol i constructs with either a UBM1 or UBM2 deletion, sug-

gesting that both of these UBMs are required for the proper

recruitment of pol i to the replication foci.

In parallel, we examined the effect on foci formation for single-

point mutations in human pol i UBM2 that negatively affect ubiq-

uitin binding (Figures 3B and 3C). For the D684A mutant, only

11.9% ± 1.3% of the transfected cells showed foci formation,

whereas the percentage was even smaller for the V687A mutant

(8.0% ± 0.5%). The most dramatic effect was observed for the

F688A mutant, which essentially eliminated foci formation

(0.2% ± 0.3%). To evaluate whether these point mutations also

affected the UBM2 structure, we recorded the 1H-15N HSQC

spectra of the D684A, V687A, and F688A mutants. Both the

D684A and V687A UBM2 mutants displayed 1H-15N HSQC

spectra similar to that of the wild-type protein, whereas there

were large changes within the 1H-15N HSQC spectrum of the

F688A UBM2 mutant (data not shown). These observations

suggest that neither the D684A nor V687A mutation affected

the structural integrity of the UBM2. Thus, the impaired abilities

of these two mutants to accumulate at the replication foci exclu-
412 Molecular Cell 37, 408–417, February 12, 2010 ª2010 Elsevier In
sively reflect their reduced ubiquitin-binding affinities. In con-

trast, the alanine substitution of F688, which is an essential

residue both for the ubiquitin binding and the proper folding of

UBM2, disrupted the global fold of the UBM2 and completely

abolished foci formation similarly to the pol i UBM2 deletion

mutant. The direct correlation of the ubiquitin-binding affinities

of diverse pol i UBM2 point mutants with their ability to localize

to replication foci highlights the functional significance of the

UBM2-ubiquitin interaction.

Role of Rev1 UBM2-Ubiquitin Interaction in Response
to DNA Damage
In light of the central role of Rev1 in the process of mutagenic

replicative bypass of damaged DNA, we examined whether the

S. cerevisiae Rev1 UBM2 residues corresponding to the ubiqui-

tin-interacting residues of human pol i UBM2 are required for

Rev1-mediated cell survival and mutagenesis. Wild-type or

mutant REV1 alleles under the native Rev1 promoter were

used to complement the DNA damage sensitivity defect of the

rev1D strain. Strikingly, point mutation of F817A, L821A, I825A,

and V829A or double mutation of E814A/M818A (corresponding

to human pol i UBM2 residues V687, L691, V695, L699, and

D684/F688, respectively) (Figure 1C) largely inactivated Rev1

function in cell survival after methyl methanesulfonate (MMS)

treatment, as well as after UV irradiation (Figure 4A). The most

dramatic effect was seen for the alanine substitution of L821

(equivalent to pol i L691) from the Leu-Pro signature motif. In

contrast, mutation of M813A had little effect on the ability of

Rev1 to complement the DNA damage sensitivity of the rev1D

strain. Consistent with this observation, the corresponding

human pol i UBM2 mutant I683A had the least effect on the

UBM2-ubiquitin affinity (Table 1).

To determine whether these UBM2 mutations also impair

Rev1 function in mutagenesis, we examined S. cerevisiae strains

harboring a subset of the Rev1 UBM2 mutants for their ability to

revert the ade2-1 allele after a low dose of UV irradiation. We

found that the survival-deficient UBM2 mutants E814A/M818A,

F817A, L821A, and V829A in Rev1 also showed reduced rates

of UV-induced mutagenesis, whereas the M813A mutation had

no effect on the mutation frequency when compared to cells ex-

pressing wild-type Rev1 (Figure 4B). Taken together, these

results indicate that an effective UBM2-ubiquitin interaction is

required for S. cerevisiae Rev1 function in vivo.

DISCUSSION

Distinct Ubiquitin Recognition by UBM
In addition to possessing a previously unobserved protein fold,

the UBM also binds ubiquitin in a manner distinct from all known

ubiquitin-binding domains. Among the protein domains that

recognize monoubiquitin through helical interactions, the UIM,

MIU/IUIM, and UBZ all employ a single helix to bind the

solvent-exposed b sheet of ubiquitin (Bomar et al., 2007; Hirano

et al., 2006; Lee et al., 2006; Penengo et al., 2006; Swanson

et al., 2003; Wang et al., 2005), with the ubiquitin-binding

helix oriented either parallel or antiparallel to the central b strand

of ubiquitin. In contrast, the UBM binds ubiquitin primarily

through two consecutive helices, with helix 1 oriented almost
c.



Figure 3. UBM-Ubiquitin Binding Is Re-

quired for Pol i to Accumulate in Replication

Foci

(A) Representative foci formation in MRC5 cells

transfected with mouse FLAG-tagged WT (left),

DUBM1 (middle), or DUBM2 (right) pol i.

(B) Representative foci formation in MRC5 cells

transfected with human EYFP-fused WT (left) or

F688A (right) pol i.

(C) Percentages of MRC5 cells with foci accumu-

lation of human EYFP-pol i UBM2 mutants.

Error bars indicate the standard deviation of three

independent measurements.
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perpendicular to the central b strand of ubiquitin and with helix 2

poised at an angle (Figure 5A). Although other ubiquitin-binding

domains, such as the UBA and CUE domains (Chang et al.,

2006; Kang et al., 2003; Ohno et al., 2005; Swanson et al., 2006),

also bind ubiquitin through two helices, these ubiquitin-binding

helices are discontinuous, coming from the first and third helices

of the three-helix bundle, and are arranged in an ‘‘up-up’’

topology, whereas the UBM utilizes two consecutive helices

arranged in an ‘‘up-down’’ topology for ubiquitin binding (Fig-

ure 5B). The GAT domain, another ubiquitin-binding domain

with a three-helix bundle architecture, also binds ubiquitin

through its first and second helices (Figure 5C) (Akutsu et al.,

2005; Prag et al., 2005). However, these two ubiquitin-interacting

helices are longer and closer to being parallel. In comparison, the

UBM helices are noticeably shorter and are positioned within

a plane at a large angle of�50�–60� to each other; these helices,
Molecular Cell 37, 408–417,
together with the a1-a2 loop containing

the signature Leu-Pro motif, define an

expanded interaction surface for ubiquitin

recognition centered at L8 instead of I44.

Role of UBM-Ubiquitin Interaction
in DNA Damage Response
Human and mouse pol i and REV1 each

contain two copies of functional UBMs

(Bienko et al., 2005; Guo et al., 2006b).

Although S. cerevisiae Rev1 also contains

two UBMs, only the UBM2 is a bona fide

ubiquitin-binding domain and is required

for Rev1 function in yeast (D’Souza

et al., 2008; Guo et al., 2006b; Wood

et al., 2007). Our study provides the first

structural interpretation of the binding

specificity of the two UBMs in S. cerevi-

siae Rev1 and their functional discrep-

ancy. Given that one functional UBM is

sufficient for the activity of S. cerevisiae

Rev1 in vivo, it is intriguing to speculate

why both of the UBMs of mammalian

pol i and REV1 are required for proper

function.

In mouse REV1, deletion of either the

UBM1 or UBM2 diminishes damage-
induced foci formation, whereas deletion of both UBMs abol-

ishes this UV-induced effect (Guo et al., 2006b). Neither of these

UBM mutants affects foci formation at the basal level (i.e.,

without UV damage), which is mediated by the PCNA-interacting

BRCT domain (Guo et al., 2006a, 2006b). These observations

suggest that the UBMs and the BRCT domain in REV1 have

separate functions, with the BRCT domain constitutively recruit-

ing REV1 to replication foci and the UBMs directing REV1 to

arrested replication forks in cells that have sustained DNA

damage, most likely through a single UBM interaction with

monoubiquitinated PCNA. In this case, a second UBM is free

to engage another ubiquitinated replication factor in translesion

synthesis.

The UBMs appear to have a more prominent effect on pol i

function. Our results show that the foci accumulation of pol i in

the S phase of undamaged cells requires two functional UBMs.
February 12, 2010 ª2010 Elsevier Inc. 413



Figure 4. Mutations of Ubiquitin-Binding Residues in S. cerevisiae Rev1 UBM2 Impair REV1-Mediated Survival and Mutagenesis

(A) Survival of Rev1 UBM2 point mutants after MMS treatment (0.018%) or UV irradiation (30 J/m2).

(B) Reversion frequency for Rev1 UBM2 mutants after a dose of UV irradiation (15 J/m2).

Error bars represent the standard deviation of three independent measurements.
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Deletion of either of the two UBMs of pol i abolishes its accumu-

lation at the replication foci. Furthermore, point mutation of a

single UBM (such as UBM2) that diminishes ubiquitin binding

is sufficient to impair pol i activity in vivo. Because there is

minimal monoubiquitination of PCNA in undamaged cells, these

observations suggest that the UBMs of pol i are engaged in the

recognition of other translesion factors, most likely in the ubiqui-

tinated form, in the replication foci.

In this regard, it is worth noting that, besides PCNA, transle-

sion polymerases or subunits of the polymerase d can also be

ubiquitinated (Bienko et al., 2005; Guo et al., 2006b; Liu and

Warbrick, 2006). Therefore, the UBMs may serve a scaffolding

function to recruit ubiquitinated replication factors for the syner-

gistic assembly of the multicomponent translesion synthesis

machinery, a process that can be further enhanced by monoubi-

quitination of PCNA. The absolute requirement of functional

UBMs for pol i and Rev1 activity in vivo suggests that the

UBM-mediated interaction network plays an essential role in

translesion synthesis.
Figure 5. A Distinct Mode of Ubiquitin Recognition by UBM

(A) Ubiquitin binding by UIM (yellow, PDB 1Q0W) and MIU/IUIM (light blue, PDB 2

UBA (pink, PDB 2G3Q) and GAT (light cyan, PDB 1YD8) is shown in panels (B)

identical to that in Figure 2C or 2D.
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A recent bioinformatics study revealed the presence of a UBM

in XPG, an endonuclease involved in nucleotide excision repair

(Hofmann, 2009). This intriguing discovery indicates a potential

role for the UBM to function outside of the regulation of the Y

family polymerases, suggesting that the UBM-ubiquitin interac-

tion may be a more general regulatory module in other DNA

repair and cellular pathways.

Modulating UBM-Ubiquitin Interaction
for Cancer Therapy
Although the biochemical properties of pol i and Rev1 have been

studied in detail, in vivo functions of these enzymes are only now

being unveiled. For example, pol i has recently been implicated

in UV-induced mutagenesis in Burkitt’s lymphoma (Gueranger

et al., 2008). Likewise, genes implicated in the chromosome

instability syndrome Fanconi anemia have been shown to regu-

late Rev1 activity (Mirchandani et al., 2008; Niedzwiedz et al.,

2004). The recent discovery that inhibition of REV1 greatly

reduced the number of carcinogen-induced lung tumors in
FID) occurs via a single helix. Ubiquitin binding by three-helix bundle domains

and (C) respectively. UBM is colored in pale green. Ubiquitin orientations are

c.
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mice highlights the role of translesion synthesis in cancer devel-

opment and the therapeutic potential associated with it (Dum-

storf et al., 2009). Moreover, in human ovarian carcinoma cells,

alteration of the levels of REV1 modulates the cytotoxicity and

mutagenesis of the chemotherapeutic drug cisplatin, pointing

to a connection between REV1 and the development of chemo-

resistance in vivo (Lin et al., 2006; Okuda et al., 2005). Given the

unique structural fold and the distinct ubiquitin-binding mode of

the UBM and its essential role for maintaining pol i and Rev1

function in vivo, targeting the UBM-mediated assembly of the

damage tolerance replication machinery may provide an effec-

tive approach for cancer treatment or prevention.

EXPERIMENTAL PROCEDURES

Molecular Cloning

The DNA sequences corresponding to the UBM1 or UBM2 of human DNA

polymerase i (residues 491–530 for UBM1 or 674–715 for UBM2) or S. cerevi-

siae Rev1 (residues 747–786 for UBM1 or 804–857 for UBM2) were synthe-

sized; the PCR-amplified DNA was digested and ligated into a modified

pET30 vector (EMD Biosciences, Inc.) between the BamHI and XhoI restriction

sites to produce an N-terminal GB1- and C-terminal His6-fused UBM domain

construct. The DNA sequences of human or yeast ubiquitin were cloned into

the pET15b vector (EMD Biosciences, Inc.). Point mutants of the pol i and

Rev1 UBMs and ubiquitin were prepared using the QuikChange Site-Directed

Mutagenesis Kit (Stratagene). The presence of the correct inserts of these

constructs was confirmed by DNA sequencing. A low-copy pRS416-REV1

plasmid was used for the yeast assays (D’Souza et al., 2008).

Protein Purification

The GB1-fused UBM constructs were overexpressed in Escherichia coli

BL21(DE3) STAR cells (Invitrogen) (Zhou et al., 2001). Bacterial cells were

induced with 0.25 or 0.5 mM IPTG at 20�C for 18 hr. The overexpressed

proteins were purified by a Ni2+-NTA column, followed by size exclusion chro-

matography (Superdex 75, GE Healthcare). For the Rev1 UBM purification, the

C-terminal His6 tag was cleaved from the rest of the protein by digestion with

Precision protease. N-terminal His6-tagged human and yeast ubiquitin were

overexpressed in and purified from bacterial cells. The His6 tag of ubiquitin

was removed by thrombin cleavage. For NMR studies, isotopically enriched

proteins were overexpressed in M9 minimal media using 15N-NH4Cl and
13C-glucose as the sole nitrogen and carbon sources (Cambridge Isotope

Laboratories). All NMR samples were exchanged into a buffer containing

25 mM sodium phosphate, 100 mM KCl, and 10% D2O or 100% D2O

(pH = 7.0) before experiments. UBM and ubiquitin point mutants were overex-

pressed and purified similarly to the wild-type proteins.

NMR

NMR experiments were conducted at 25�C using Varian INOVA 600 or 800

MHz spectrometers. Backbone resonances of free UBM2 and the UBM2-

ubiquitin complex were assigned by standard 3D triple-resonance experi-

ments, and side chain resonances were assigned using 3D HCCH-TOCSY

and 15N- or 13C-separated NOESY-HSQC experiments (Cavanagh et al.,

2007). Intermolecular NOEs were initially identified by recording: (1) [F1]
13C-purged, [F2] 13C-separated NOESY-HSQC spectra in D2O and (2) [F1]
13C-selected, [F2] 15N-separated NOESY-HSQC spectra in H2O using

samples of the UBM2-ubiquitin complex with one component 13C labeled

and the other component 15N labeled (Zwahlen et al., 1997). Additional inter-

molecular NOEs were obtained from regular 13C- or 15N-separated NOESY-

HSQC experiments using uniformly 13C/15N-labeled UBM2-ubiquitin samples.

Residual dipolar couplings (1DHN, 1DHaCa) of the free UBM2 and UBM2-ubiq-

uitin complex were determined from the difference in couplings between an

isotropic and a liquid crystalline Pf1 phage sample. A 2D 1H-15N IPAP exper-

iment (Ottiger et al., 1998) and a modified, JHaCa-coupled (HACACO)NH exper-

iment (Ball et al., 2006) were used to measure the 1DHN and 1DHaCa couplings,

respectively. NMR data were processed by NMRPIPE (Delaglio et al., 1995) and
Mole
analyzed with XEASY/CARA (Bartels et al., 1995). NOE cross-peaks from the
15N- or 13C-separated NOESY-HSQC, [F1] 13C-purged, [F2] 13C-separated

NOESY-HSQC, and [F1] 13C-selected, [F2] 15N-separated NOESY-HSQC

experiments were analyzed with a combination of manual and automated

assignment and converted into distance constraints using the calibration

module in CYANA (Güntert, 2004; Herrmann et al., 2002). Dihedral angles

were derived from TALOS analysis of chemical shift information (Cornilescu

et al., 1999) and from analysis of local NOE patterns. Initial structures were

generated with CYANA (Güntert, 2004; Herrmann et al., 2002) and then refined

using XPLOR-NIH (Schwieters et al., 2003). Because the NOE-based struc-

tural ensemble of UBM2 did not display noticeable conformational changes

in the ubiquitin-bound complex, both sets of RDCs of UBM2 were used for

the refinement of free UBM2 and the UBM2-ubiquitin complex.

The final structural ensembles (25 structures) of the UBM2 or the UBM2-

ubiquitin complex display no NOE violations > 0.5 Å and no dihedral angle

violations > 5�. The quality of these structures can be evaluated in Tables S1

and S2.

Isothermal Titration Calorimetry

Wild-type or mutant human ubiquitin (final concentrations in the 3–6 mM range)

was titrated into a solution of the human pol i UBM2 (wild-type and mutants,

0.3–0.6 mM range) in a buffer containing 25 mM sodium phosphate,

100 mM KCl (pH 7.0). Thirty injections of 10 ml each were performed at 25�C

using a VP-ITC Microcalorimeter (GE Healthcare), and data were analyzed

using the Origin software assuming one-site binding (Origin Lab).

Localization Experiments

MRC5 cells were grown on coverslips and transfected with Fugene 6 (Roche).

At 48–72 hr after transfection, cells were washed in PBS and fixed in 2% para-

formaldehyde (PFA) for 20 min at room temperature. For EYFP-fused human

pol i samples, after two washes in PBS, coverslips were mounted on aqueous

mounting medium (Biomeda) containing DAPI (Molecular Probes) placed on a

glass holder. For FLAG-tagged constructs of mouse pol i, after being fixed,

cells were permeabilized for 10 min at room temperature, with a 0.2% Triton

X-100 solution in PBS. Samples were blocked overnight at 4�C in PBS contain-

ing 5% BSA and 0.1% Tween-20. Primary and secondary antibodies were

diluted in the blocking solution, and washes were performed in PBS with

0.1% Tween-20. The primary, anti-FLAG antibodies were purchased from

Sigma (M2 cat. no. F3165), and the secondary anti-mouse Cy3-conjugated

antibodies were from Jackson ImmunoResearch (cat. no. 715-165-150).

Images were acquired using a ZEISS LSM 510 META laser scanning micro-

scope. For quantification of the percentage of cells with pol i foci formation,

1500 nuclei from three equivalent samples were scored overall for each

construct. A Student’s t test was used to compare different constructs.

Yeast Strains and Plasmids

The S. cerevisiae strains used in this study are derivatives of W1588-4A, which

are W303 strains corrected for RAD5 (Zhao et al., 1998). The rev1D strain was

constructed by moving the rev1::kanMX4 cassette from the deletion library into

W15488-4A.

DNA Damage Sensitivity and Mutagenesis Assays

For MMS and UV sensitivity assays, three independent colonies of each strain

were grown in synthetic complete (SC) media lacking uracil (SC-Ura) and sup-

plemented with 2% glucose at 30�C to a density of �2 3 107 cells/ml. Serial

dilutions of the cells were plated on SC-Ura media containing 0.018% MMS.

For UV sensitivity assays, appropriately diluted cells plated on SC-Ura media

were irradiated at 1 J/m2/s for 30 s using a G15T8 UV lamp (General Electric) at

254 nm to produce a UV dose of 30 J/m2. Colonies were counted after growing

the cells for 2 days at 30�C.

For UV reversion assays, three independent colonies of each strain were

grown at 30�C in SC-Ura media to a density of �2 3 108 cells/ml. Appropriate

dilutions of the cells were plated on SC media to monitor survival. Mutation

frequencies were analyzed by plating undiluted aliquots on SC-Ade to score

for reversion of the ade2-1 allele. Cells were exposed to a low dose of UV

irradiation (1 J/m2/s for 15 s using a G15T8 UV lamp at 254 nm) and grown

for 3–4 or 6–7 days at 30�C in the dark for survival or mutagenesis assays,
cular Cell 37, 408–417, February 12, 2010 ª2010 Elsevier Inc. 415
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respectively. The reversion frequencies were calculated by subtracting the

spontaneous value from the frequency obtained at the 15 J/m2 UV dose.

ACCESSION NUMBERS

The coordinates of the human pol i UBM2 and its complex with ubiquitin have

been deposited in the Protein Data Bank with the accession codes 2KHU and

2KHW, respectively.
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