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Ubiquitin-Binding Domains in
Y-Family Polymerases Regulate
Translesion Synthesis

Marzena Bienko,’ Catherine M. Green,? Nicola Crosetto,*
Fabian Rudolf 3* Grzegorz Zapart,1 Barry Coull,27L
Patricia Kannouche,?; Gerhard Wider,* Matthias Peter,>
Alan R. Lehmann,? Kay Hofmann,® Ivan Dikic'§

Translesion synthesis (TLS) is the major pathway by which mammalian cells
replicate across DNA lesions. Upon DNA damage, ubiquitination of proliferat-
ing cell nuclear antigen (PCNA) induces bypass of the lesion by directing the
replication machinery into the TLS pathway. Yet, how this modification is
recognized and interpreted in the cell remains unclear. Here we describe the
identification of two ubiquitin (Ub)-binding domains (UBM and UBZ), which
are evolutionarily conserved in all Y-family TLS polymerases (pols). These do-
mains are required for binding of poln and polt to ubiquitin, their accumulation
in replication factories, and their interaction with monoubiquitinated PCNA.
Moreover, the UBZ domain of poln is essential to efficiently restore a normal
response to ultraviolet irradiation in xeroderma pigmentosum variant (XP-V)
fibroblasts. Our results indicate that Ub-binding domains of Y-family poly-
merases play crucial regulatory roles in TLS.

Signaling through ubiquitin (Ub) is generally
thought to occur by low-affinity noncovalent
interactions between Ub and a variety of spe-
cialized Ub-binding domains (UBDs) (I, 2).
To analyze the Ub-interaction map, we per-
formed yeast two-hybrid screens using wild-
type Ub and Ub in which isoleucine 44 (144)
was mutated to alanine (Ub*). To date, all
known characterized UBDs require the con-
served 144 in the hydrophobic patch on Ub for
their binding (2), and proteins interacting with
Ub* might therefore contain previously un-
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known Ub-interacting modules. Among the
clones that interacted with Ub* are two that
encode the C terminus of TLS polymerase 1
(polv) (fig. S1A). Moreover, full-length mouse
polt expressed in human embryonic kidney
(HEK) 293T cells bound to both glutathione
S-transferase (GST)-Ub and GST-Ub*, but
not to GST alone (fig. S1A). Thus, polt con-
tains a Ub-binding module in the C terminus
that does not require 144 for its binding to Ub.
Bioinformatic analysis of the C-terminal part
of polt identified two copies of a previously
unknown sequence motif termed UBM (Ub-
binding motif). These repeats span ~30 res-
idues and consist of two predicted helical
segments, separated by an invariant “Leu-Pro”
motif, which is conserved in all polt versions
examined, as well as in Revl, another Y-
polymerase (fig. S1B). Missense mutations of
the conserved residues with a presumptive
crucial role in Ub binding (L508A, P509A in
UBMI*, L693A, P694A in UBM2¥) in either
polt UBM substantially impaired polt bind-
ing to GST-Ub, whereas the inactivation of
both domains by point mutations completely
blocked the interaction (Fig. 1A). Similar
results were obtained using polt UBM de-
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letion (poli-A496-524 and polt-A681-709)
mutants (fig. S1C). We purified isolated
GST-UBMI and GST-UBM?2 of polt and ana-
lyzed their binding to Ub and the Ub-144A mu-
tant by nuclear magnetic resonance (NMR)
spectroscopy (fig. S1D). The estimated disso-
ciation constant (K,) values for binding of
UBMI1 and UBM2 to both Ub and Ub-144A
were in the range of 180 uM. Mapping of the

A « w0 b
S &
FAGPh & & ¥ F§
[ @ — | pniFuac
=
&  GSTb
[ oo = | Anti-FLAG
TCL

c *
FLAGpom & & & %

& § 1B:
k‘ \L‘ Anti-FLAG

TCL v{f? Ub-Agarose

Fig. 1. (A) Identification of the UBDs in Y-
polymerases. Point mutations of either UBM1
(L508A,P509A in UBM1*) or UBM2 (L693A,P694A
in UBM2*) of mouse polt reduce its binding to Ub
as compared with wild-type polt (wt). Mutating
both UBMs (UBM1*,2*) abolishes binding of pol
to Ub in GST pull-down assays. (B) Surface rep-
resentation of Ub interaction with UBM deter-
mined by NMR spectroscopy. The binding
interface of GST-UBM2 on Ub defined by residues
K6, L8, T9, G10, 113, T14, R42, K48, G53, and R72
(see supporting online material) is indicated in
purple. Residue 144 (yellow) is indicated for
orientation. (C) Poln UBZ mediates binding to
ubiquitin. HEK293T lysates (TCL) containing
FLAG-poln wild type or its UBZ mutant
(D652A) (UBZ*) were subjected to Ub-agarose
pull-down assays. The shift in mobility of poln
visible in lane 1 represents its monoubiquitinated
form. 1B, immunoblot.
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Fig. 2. UBMs and UBZ are es-
sential for the accumulation of
polt and poln in replication foci.
(A) MRC5 fibroblasts were co-
transfected with pECFP—polt wild
type (left panels) and pCMV-FLAG
polt, either wild type (WT) or
mutants, as indicated (middle
panels). The cells were UV
irradiated with 15 ) m~2 and fixed
16 hours later. (B) MRC5 fibro-
blasts were cotransfected with
YFP-poln wild type and CFP-poln,
either wt or D652A, and treated
as in (A).

CFP-pol

CFP-pol1

CFP-pol:

UBM2 binding surface on Ub revealed bind-
ing around the previously defined hydrophobic
patch, but the binding surface is displaced
toward L8 and away from 144 (Fig. 1B).

Apart from the UBMs, we also identified
several yeast two-hybrid clones containing
mononucleate Zn fingers, which were required
for their binding to Ub in yeast and mamma-
lian cells. Using profile-based sequence com-
parisons (3, 4), we grouped these Ub-binding
Zn fingers into a separate family, which we
named UBZ (Ub-binding Zn finger). These
sequence profile searches showed that the
UBZ-family Zn fingers can be clearly sep-
arated from the presumed DNA-binding vari-
ety and are completely unrelated to PAZ
(polyUb-associated Zn finger) (5) and NZF
(Npl4 Zn finger) (6). UBZ-type fingers were
also found in the remaining two Y-family
polymerases poln and polx (fig. S1E). Indeed,
human poln is a Ub-binding protein because it
interacted specifically with monoUb coupled
to agarose (Fig. 1C), and point mutation of the
conserved aspartate 652 to alanine in the UBZ
(UBZ*) prevented the interaction of poln with
monoUb. Thus, all members of the Y-family
polymerases contain UBDs in their C termini
(fig. SIF).

Polt and poln colocalize with each other
and with proliferating cell nuclear antigen
(PCNA) in replication factories. These appear
as bright foci in S-phase cells, which accumu-
late upon ultraviolet (UV) irradiation (7, §).
To examine whether this localization re-
quires their UBDs, we cotransfected MRCS5
fibroblasts with wild-type cyan fluorescent
protein (CFP)—polt and wild-type or mutated
FLAG-polt. The fraction of cells with foci
increased in UV-irradiated cells to ~60%, and
as expected, both wild-type constructs colo-
calized in foci. However, neither AUBMI,2

AUBM1,2

uBm1*,2*

nor UBM1*,2* mutants of polt localized in
replication foci (Fig. 2A). Furthermore, the
Xenopus tropicalis poli, which contains two
UBMs but few other conserved amino acids in
the C-terminal part (fig. S2A), bound to Ub
(fig. S2B) and localized in replication factories
in human cells (fig. S2C).

In similar cotransfection experiments, yel-
low fluorescent protein (YFP)- or CFP-tagged
wild-type poln formed bright foci in S-phase
cells accumulated upon UV irradiation, where-
as CFP-poln—D652A mutant (UBZ*) formed
very faint or no foci (Fig. 2B). We conclude
that foci localization of both poln and polt de-
pends on their ability to interact with Ub,
indicating a common mechanism for the ac-
cumulation of Y-polymerases in replication
foci. Notably, the polymerase activity was
identical in wild-type and mutant proteins used
(fig. S3A).

Ubiquitination of the polymerase proces-
sivity factor PCNA controls switching of poly-
merases and replication of damaged DNA
(9-13). TLS polymerases poln and polt bind
directly to PCNA via their PCNA-interacting
peptide (PIP box) (/1, 14-16). In addition,
DNA damage-induced ubiquitination of PCNA
on K164 increases its interaction with poln in
vivo (11, 13). We therefore investigated wheth-
er the UBM domains of polu directly bind to
monoubiquitinated PCNA upon DNA damage.
Isolated UBMs of polt readily precipitated mo-
noubiquitinated PCNA generated in HEK293T
cells by hydroxyurea treatment (Fig. 3A).
UBMs also interacted directly with mono-
ubiquitinated His-PCNA and with a perma-
nently ubiquitinated PCNA, engineered by
fusing the cDNA for Ub in frame with that
for His-PCNA-K164R mutant (PCNA*-Ub
chimera) (fig. S3B). We next analyzed wheth-
er simultaneous binding of PIP and UBM do-

YFP-PolmWT CFP-PoimWT

W

YFP-PoinWT CFP-UBZ*

mains of polt to ubiquitinated PCNA enhanced
this interaction in vivo. Coprecipitation of polt
and unmodified PCNA from cells was hardly
detectable, whereas the PCNA*-Ub chimera
strongly bound to polt in transiently transfected
HEK293T cells (Fig. 3B). Coprecipitation was
substantially reduced when the PIP box was
mutated in polt and completely abolished if
UBM domains or both PIP box and UBM do-
mains of polt were mutated.

We next examined the importance of the
UBDs in poln for its functions in vivo. Xero-
derma pigmentosum variant (XP-V) patients
are defective in poln, resulting in elevated
levels of UV mutagenesis and skin cancers
(17). XP30RO is an XP-V fibroblast line that is
sensitive to UV irradiation in the presence of
caffeine (/7). Transfection of green fluorescent
protein (GFP)—poln into XP30RO cells restores
the UV plus caffeine sensitivity to that of nor-
mal human fibroblasts (Fig. 3C). However,
when we transfected a UBZ mutant of poln
(C638A) into XP30RO cells, the ability to
confer resistance to UV plus caffeine treat-
ment was substantially impaired. A reduction
in this ability, though less marked, was also
obtained with the PIP box mutation. Thus,
both Ub- and PCNA-binding abilities of poln
are required for efficient TLS. In previous
work, we identified a motif in the little finger
domain of poln that was required for its in-
teraction with ubiquitinated PCNA; we thought
this motif was similar to a CUE domain (/7).
Current bioinformatic and biochemical studies
indicate that this motif is not a bona fide
UBD. It is likely therefore that it is involved
in the poln-PCNA interaction, irrespective
of ubiquitination status.

UBDs can mediate monoubiquitination of
the proteins containing them (/, 2). When
FLAG-polt was transfected into HEK293T
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A mock HU-treated
mUb-
PCNA -» - -
IB:
PCNA+' o | Anti-PCNA
A A O AA
NEFERAN P RN
Q?@ Q:‘\
) )
N
B K §‘§‘
facpon & & & & &

m-“ ‘ < FLAG-polt

<+ His-PCNA*-Ub

< His-PCNA

IP: FLAG

= 1B:
S ——-,

- e e -
Anti-PCNA
TCL
C 100
— 10
m
2
g
=2
w
R
| —8— pEGFPpoly
—0— pEGFP
—v— pEGFPpol yUBZ*
—&— pEGFPpol nPIF*
01 T T T T
1] 2 4 6 8 10 12

UV dose (Jm2)

Fig. 3. Dual mode of polti-monoUb-PCNA inter-
action. (A) The UBM domains of polt mediate
interaction with monoubiquitinated PCNA (mUb
PCNA) generated in HEK293T cells by hydroxyurea
(HU) treatment. Total cell lysates or proteins bound
to GST or GST-UBMs were analyzed by immuno-
blotting (IB) with antibodies to PCNA (anti-PCNA).
A small amount of nonubiquitinated PCNA precip-
itated with GST-UBM domains, presumably owing
to heterotrimerization of ubiquitinated monomers
with nonubiquitinated ones. (B) Both the UBM
and PIP box motifs of polt mediate its binding to
PCNA*-Ub chimera. HEK293T cells were trans-
fected with His-PCNA*-Ub and FLAG-polt (wt) or
its PIP* mutant (FLAG-poli-D424A/C425A/Y426A),
UBM1*2* mutant, or PIP*,UBM1*2* mutant. The
TCL shows the expression level of the correspond-
ing proteins that were subsequently subjected
to anti-FLAG immunoprecipitation (IP). Immuno-
precipitated polt and PCNA*-Ub were detected
with anti-FLAG and anti-PCNA, respectively.
(C) XP30RO XP-V cells were transfected with
PEGFP-poln constructs, and stable clones were
isolated. The survival of these clones was mea-
sured after exposure to different doses of UV
irradiation and plating in the presence of caf-
feine (75 pg/ml). UBZ* represents the C638A
mutation.
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cells (E) HEK293T lysates containing FLAG-polt were subjected to pull-down assays with GST-Ub, and

bound proteins were detected by immunoblotting with anti-FLAG. The arrow indicates the mono-

ubiquitinated form of polt.

cells, a band of polt of reduced mobility was
detected by immunobloting with antibodies to
FLAG (Fig. 4A). Analysis of cells addition-
ally transfected with hemagglutin (HA)-Ub
showed that the protein of reduced mobility
was monoubiquitinated polt (Fig. 4A). Under
similar conditions, we found a species of poln
with reduced mobility (Fig. 4B; see also Fig.
1C), which we showed was monoubiquitinated
poln (Fig. 4B). Mutational inactivation of UBMs
in polt or UBZ in poln abolished their mono-
ubiquitination (Fig. 4, A and B). We also de-
tected endogenous levels of monoubiquitinated
forms of both polymerases (Fig. 4, C and D).
The monoubiquitinated species of polt ap-
peared to be no longer capable of binding to
Ub. In GST-Ub pull-down assays, only the
unmodified form of polt was detected (Fig.
4E; compare lane 3 with lane 1). Similarly,
only the unmodified form of poln bound to
Ub-agarose beads (Fig. 1C). In accordance
with these observations, creating a perma-
nently ubiquitinated form of poln by fusing Ub
to the C terminus of poln (poln-Ub chimera)
strongly reduced its ability to bind to Ub-
agarose beads (fig. S3C). These results indicate
that monoubiquitinated polymerases might be
blocked in binding to Ub because of autoin-
hibitory interactions with their own UBDs (/8).

In conclusion, we have identified two pre-
viously unknown UBDs in the Y-family TLS
polymerases that enable them to interact with
monoubiquitinated targets and undergo mono-
ubiquitination in vivo. UBDs are critical for
accumulation of polt and poln in replication
foci in human cells and are required for effi-
cient restoration of normal TLS in XP-V cells.
Both polt (Fig. 3, A and B) and poln (/1, 13)
preferentially interact with monoubiquitinated
PCNA, which is generated at stalled replica-
tion forks (7, 13). The PIP box provides the

specificity for the interaction, and the DNA
damage—induced conjugation of a Ub moiety
to PCNA increases the avidity of this bind-
ing by providing an interaction surface for
the UBDs. We have also shown that polt
and poln are themselves monoubiquitinated
in vivo. Although the precise role of mono-
ubiquitination of the polymerases remains to be
established, it is tempting to speculate that a
cycling between their nonubiquitinated and
monoubiquitinated forms may contribute to
regulation of their compartmentalization in or
out of replication factories. Taken together,
our data show that Ub binding of the Y-family
polymerases plays an important role in trans-
lesion DNA synthesis and provide a long-
sought clue to how these polymerases can
gain preferential access to the stalled replica-
tion machinery at the sites of DNA damage.
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Chitin Induces Natural
Competence in Vibrio cholerae

Karin L. Meibom,*7 Melanie Blokesch,* Nadia A. Dolganov,
Cheng-Yen Wu, Gary K. Schoolnik+t

The mosaic-structured Vibrio cholerae genome points to the importance of
horizontal gene transfer (HGT) in the evolution of this human pathogen. We
showed that V. cholerae can acquire new genetic material by natural trans-
formation during growth on chitin, a biopolymer that is abundant in aquatic
habitats (e.g., from crustacean exoskeletons), where it lives as an autochtho-
nous microbe. Transformation competence was found to require a type IV
pilus assembly complex, a putative DNA binding protein, and three conver-
gent regulatory cascades, which are activated by chitin, increasing cell den-
sity, and nutrient limitation, a decline in growth rate, or stress.

Rivers, estuaries, and coastal waters are the
principal reservoir for Vibrio cholerae in nature.
In habitats of this kind, V. cholerae is found as
a planktonic organism in the water column, in
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the mucilaginous sheaths of blue-green algae,
and on the chitinous exoskeletons and molts of
copepods (/). Population structure studies of
aquatic habitats typically disclose ecosystems
containing multiple microbial strains and spe-
cies and high concentrations of phage and free
DNA (2, 3). These features, when combined
with mechanisms for HGT, likely explain why
the Vibrionaceae have developed high levels of
genomic diversity (4, 5).

One microenvironment where HGT could
occur between V. cholerae and other strains

Materials and Methods
Figs. S1to S3
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and species is within microbial assemblages
on natural chitin surfaces. V. cholerae readily
attaches to and degrades chitin, a polymer of -
1,4-linked N-acetylglucosamine (GlcNAc). Chi-
tin induces the expression of a 41-gene regulon
involved in chitin colonization, digestion, trans-
port, and assimilation, including genes predicted
to encode a type IV pilus assembly complex (6).

V. cholerae has never been shown to be
competent for natural transformation, and thus,
with respect to HGT events, its genome is
presumed to have evolved by transduction
(responsible for the acquisition of the ctx genes
encoding cholera toxin) and conjugation (7, 8).
However, the induction of type IV pilin by
chitin and the association of type IV pili and
competence in several other species led us to
test if chitin might induce natural competence in
V. cholerae (9). We grew V. cholerae O1 El
Tor, strain A1552, in a liquid minimal medium
containing 2.5 mM (GlcNAc),, a soluble chitin
oligosaccharide that induces the chitin regulon
(6). Then, genomic DNA from the V. cholerae
O1 El Tor strain VCXB21, which harbors a
gene for kanamycin resistance on the chromo-
some, was added to the culture. After 18 hours
of growth, the culture was plated onto antibiotic-
free and kanamycin-containing LB agar; this
yielded a transformation frequency [kanamycin-
resistant (Kn") colony-forming units (CFU)/

Table 1. Transformation of V. cholerae; data are the average of at least three experiments. Transformation frequency is Kn" or Str" CFU/total CFU; <DL, below
detection limit (for values in (A), ~4.0 x 1078; for (B), ~3.0 x 10~9; for (C), ~1.0 x 10~7; for (D), ~4.0 x 1078).

Donor DNA Recipient strain Medium Transformation frequency Range

A. Transformation in liquid medium

VCXB21 A1552 + (GleNAc) 2.7 x 107° 14 t0 6.8 x 107°
VCXB21 A1552 + (GlcNAc)6 + DNase <DL

None A1552 + (GleNAc) <DL

VCXB21 A1552 + (GleNAc), + Glucose <DL

VCXB21 A1552 + Glucose <DL

VCXB21 A1552 + GlcNAc <DL

B. Transformation in liquid medium of His and Pro auxotrophs

VCXB21 A1552proC + (GlcNAv:)6 2.7 x 1076 40 x 1077 to 1.1 x 107>
None A1552proC + (GleNAc) <DL

VCXB21 A1552hisD + (GlcNA(:)6 6.8 x 10°¢ 40 x 107 8to 1.7 x 107>
None A1552hisD + (GlcNAc) <DL

C. Transformation of chitin surface—attached bacteria

VCXB21 A1552 Crab shell 3.5 x 107> 5% 107%to 6.9 x 10°°
None A1552 Crab shell <DL

N16961 A1552 Crab shell 1.8 x 107° 5% 107%to 4.4 x 107°
VCXB21 A1552 Crab shell + DNase 3.7 x 1077 <DL to 8.0 x 1077
VCXB21 N16961 Crab shell <DL

VCXB21 C6706 Crab shell 28 x 106 80 x 107to 5 x 1076
VCXB21 0395 (classical) Crab shell <DL

D. Transformation in biofilm communities without exogenous DNA

None A1552 -Kn/-Str Crab shell 4.4 x 107> 14to8 x 107>
None A1552 -Kn/-Str Crab shell + DNase <1.2 x 1077 <DL to 1.2 x 1077
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