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Zebrafish Ubc13 is required for Lys63-linked polyubiquitination

and DNA damage tolerance
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Abstract Ubiquitination is an important post-transla-
tional protein modification that functions in diverse cellular
processes of all eukaryotic organisms. Conventional
Lys48-linked poly-ubiquitination leads to the degradation
of specific proteins through 26S proteasomes, while Lys63-
linked polyubiquitination appears to regulate protein
activities in a non-proteolytic manner. To date, Ubc13 is
the only known ubiquitin-conjugating enzyme capable of
poly-ubiquitinating target proteins via Lys63-linked chains,
and this activity absolutely requires a Ubc variant (Uev or
Mms2) as a co-factor. However, Lys63-linked poly-ubig-
uitination and error-free DNA damage tolerance in zebra-
fish are yet to be defined. Here, we report molecular
cloning and functional characterization of two zebrafish
ubcl3 genes, ubcl3a and ubcl3b. Analysis of their geno-
mic structure, nucleotide and protein sequence indicates
that the two genes are highly conserved during evolution
and derived from whole genome duplication. Zebrafish
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Ubc13 proteins are able to physically interact with yeast or
human Mms2 and both zebrafish ubcl3 genes are able to
functionally complement the yeast ubcl3 null mutant for
spontaneous mutagenesis and sensitivity to DNA damaging
agents. In addition, upon DNA damage, the expression of
zebrafish ubcl3a and ubci3b is induced during embryo-
genesis and zebrafish Ubcl3 is associated with nuclear
chromatin. These results suggest the involvement of
Lys63-linked poly-ubiquitylation in DNA damage response
in zebrafish.
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Introduction

Ubiquitination is an essential biochemical reaction for
post-translational modification of target proteins with
ubiquitin [1]. This process appears to occur in all eukary-
otic organisms, from yeast to human, and plays crucial
roles in many cellular events including signal transduction
[2—4], transcriptional regulation [5, 6], ribosomal protein
synthesis [7], cell cycle progression [8, 9], receptor endo-
cytosis [10], and DNA repair [11-13]. Ubiquitination leads
to the attachment of a single Ub or poly-Ub chain to a
protein and requires formation of an isopeptide bond
between the C-terminal Gly76 on Ub and a lysine residue
on target proteins [14, 15]. Ubiquitination of a protein
contains several steps that are catalyzed by distinct
enzymes. First, Ub is activated by an Ub-activating enzyme
(Uba or E1) in the presence of ATP, forming a high-energy
E1-Ub thiolester bond. Second, the activated Ub is trans-
ferred from El to a specific thiol of an Ub-conjugating
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enzyme (Ubc or E2) to form an E2-Ub thiolester. Third, the
Ub of E2-Ub is donated to the target protein either alone or
with the help of an Ub ligase (E3). E3 acts as a primary
substrate recognition factor, whereas E2 is thought to be
involved in the reaction largely through its association with
a given E3. Most eukaryotic organisms have one functional
El enzyme and many of E2 and E3 enzymes. All known
E2s belong to the same family that contains a conserved
catalytic domain with an active Cys residue to form a
thiolester bond with Ub [16], while, E3s known so far
belong to several protein families, including HECT, RING
and U-box [17].

Multiple rounds of ubiquitination may occur using the
surface Lys of additional Ub as a substrate. Conventional
poly-Ub via Gly76-Lys48 leads to the degradation of target
proteins through 26S proteasomes, but Gly76-Lys63 poly-
Ub appears to regulate protein activities in a non-proteolytic
manner [16]. So far, Ubc13 is the only known E2 enzyme
capable of catalyzing the Lys63-linked polyubiquitylation
through its interaction with an Ubc/E2 variant (Uev) [13]. In
the budding yeast Saccharomyces cerevisiae, Ubc13 forms
a stable complex with an Uev called Mms2 [13], and pro-
motes error-free DNA damage tolerance (DDT, also known
as postreplication repair) [18] by poly-ubiquitinating the
proliferating cell nuclear antigen (PCNA) via Lys63-linked
chains [19]. Intracellular signaling for DDT consists of two
parallel pathways that are mediated by Pol{ (Rev3 and
Rev7) or Ubc13—-Mms2, deemed to be error-prone or error-
free, respectively [20, 21]. The error-prone pathway mainly
functions in translesion DNA synthesis (TLS) through low
fidelity and non-essential DNA polymerases, whereas the
error-free pathway works through template switch [22]. The
current model suggests that mono-ubiquitination of PCNA
by Rad6—Rad18, a E2-E3 complex, leads to TLS, whereas
Mms2-Ubc13-Rad5, another E2-E3 complex, further
poly-ubiquitinates PCNA at the same Lys164 residue and
promotes error-free DDT [19]. Ubc13 homologs have been
found in many eukaryotic organisms; however, their func-
tions remain largely unknown due to the lack of an efficient
means of targeted gene disruption in most multicellular
eukaryotes and the intolerance of mammals to genomic
instability.

Zebrafish (Danio rerio) has become one of the most
useful and well-known model organisms because of the
following advantages. First, the transparent body makes the
zebrafish easy to observe the morphology alteration of cells
and organs. Second, the early zebrafish embryos go through
DNA replication and cell division rapidly [23]. Third,
DNA, mRNA or proteins can be easily transferred into
zebrafish embryos using microinjection [24]. Importantly,
zebrafish is suitable for large scale analysis of forward and
reverse genetics. These features not only attract geneticists
and developmental biologists but also become a favoured
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model for research in cancer and genome integrity. For
example, Ku80, an essential component of the non-
homologous end joining pathway, is responsible for DNA
damage repair in zebrafish embryos [25] and expression of
the Ku70 subunit (XRCC6) is able to protect zebrafish
embryogenesis from low dose ionizing radiation [26].
Furthermore, the zebrafish apurinic/apyrimidine endonu-
clease 1 functions in both DNA repair and regulation of
embryonic development [27]. Here, we report the cloning
and functional characterization of two zebrafish Ubcl3
genes and demonstrate that both of them play critical roles
in Lys63-linked poly-ubiquitination and DNA damage
response.

Materials and methods
Zebrafish care and maintenance

AB inbred strain of zebrafish (Danio rerio) was reared in a
constant flow-through water system and maintained under
standard conditions. Naturally fertilized zebrafish embryos
were staged by hours post-fertilization (hpf) or by mor-
phological features.

Cloning of zebrafish ubc13 cDNAs

Total RNA was isolated from 500 mg of zebrafish intestine
with TRIZOL Reagent from Invitrogen following the man-
ufacturer’s instruction. First-strand cDNA was synthesized
using the RevertAid™ First-Strand ¢cDNA Synthesis Kit
from Fermentas. PCR primers were designed according to
predicated full-length cDNA sequences for zebrafish ubci3
genes in GenBank database (NP_998651 and NP_956636).
Primers for zebrafish ubci3a are 5'-CCGCTCGAGGCCG
GAAGGCGTGTGTCT-3' and 5-CGCGGATCCCAGAA
AGAACAGAAATATGTGTGTGGAC-3'. Primers for zebra-
fish ubci3b are 5'-CCGCTCGAGACGCGCATGCGCTG
TC-3’ and 5'-CGCGGATCCCAGATTCAATTTTCCCAG
ACGAT-3'. All primers contain specific restriction sites
(underlined) for subcloning zebrafish ubcl3 cDNAs into
the pBluescript vector.

Yeast strains, culture and transformation

The haploids of yeast S. cerevisiae strain used in this study
are listed in Fig. 4b. Yeast cells were grown at 30°C in
either rich YPD or in a synthetic dextrose (SD) medium
(0.67% bacto-yeast nitrogen base without amino acids, 2%
glucose). To make the solid plates, 2% agar was added to
either YPD or SD medium prior to autoclaving. Yeast cells
were transformed using a LiAc method as described [28].
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The source and preparation of ubcl3A::HIS3 cassettes
were as previously described [21]. All the gene deletion
strains were confirmed by Southern hybridization.

Complementation assay

Yeast strain HK578-10D and its ubcl3 single mutants were
transformed with pGBT9, pGBT-DrUbcl3a or pGBT-
DrUbc13b. Transformants were selected on SD-Leu plates.
After 3 days, five colonies were re-streaked onto a SD-Leu
plate and subsequently used to inoculate liquid SD minimal
medium. Following an overnight incubation, cell density
was determined and equal numbers of cells from the
transformants together with untransformed controls were
imprinted onto YPD alone or YPD gradient plates con-
taining 0.025% methyl methanesulfonate (MMS). A MMS
gradient was formed by pouring 30 ml of YPD + MMS
medium in a tilted square Petri dish. The Petri dish was
placed flat after solidification and a top layer of 30 ml YPD
was poured. 0.1 ml of overnight culture, mixed with 0.4 ml
sterile water and 0.5 ml of molten YPD agar, and printed
onto the plates using a sterile microscope slide. Plates were
incubated at 30°C for 3 days before taking photograph.

Spontaneous mutagenesis assay

Yeast strain DBY747 and its isogenic ubcl3 derivative
WXY849 bear a trpl-289 amber mutation that can be
reverted to Trp*t by several different mutation events [29].
DBY747 was transformed with pPGAD424E and WXY849
was transformed with pGAD-DrUBC13b or pGAD424E.
Transformants were selected on SD-Leu plates. Each set of
experiments contained five independent cultures of each
strain. Overnight yeast cultures were counted using a
hemocytometer and 5 ml of YPD liquid medium was
inoculated to a final concentration of 20 cell/ml and incu-
bated at 30°C for 3 days. Cells were spun down at
4,000 rpm, resuspended in sterile ddH,O and were plated
onto SD-Leu to score for total survival and onto SD-Leu-
Trp to count the number of Trp™ reversions. Spontaneous
mutation rates were calculated as described [30].

Yeast two-hybrid analysis

The yeast two-hybrid strain PJ69-4A [31], received from
Dr. P. James (University of Wisconsin, Madison, USA),
was co-transformed with different combinations of yeast
two-hybrid Gal4 binding domain and Gal4 active domain
constructs. The co-transformed colonies were initially
selected on SD-Leu-Trp plates. For each transformation, at
least five independent colonies were plated onto SD-Leu-
His with various concentrations of 1,2,4-amino triazole
(3-AT) to test the activation of the GALI-HIS3 gene.

Protein expression and purification

The zebrafish ubc13b ORF was cloned into vector pET30
(Invitrogen, Carlsbad, CA, USA) and hUevlA and hMms2
were cloned into vector pGEX6p (Amersham Biosciences,
Piscataway, NJ, USA). The resulting pET-DrUbcl3b,
pGEX-hUevlA and pGEX-hMms2 were transformed into
E. coli strain BL21-CodonPlus (DE3)-RIL carrying extra
copies of the argU, ileY and leuW tRNA genes (Stratagene,
LaJolla, CA, USA). All above fusion protein was produced
and purified following the instruction of manufacturers.

GST pull-down assay

The protein concentrations of purified, dialyzed pET-
DrUbc13b, pGEX-hUevlA and pGEX-hMms2 were mea-
sured using a Bradford assay (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s instructions. The
GST-pulldown assay was carried out using Glutathione
Sepharose 4B Microspin™ GST Purification Columns as
previously described [32]. Purified GST-hUev1A, GST-
hMms2 or GST was added to individual columns and
incubated for 1 h at 4°C. They were spun down and washed
three times with 500 pl of PBS. His-DrUbc13B was then
added and the columns were incubated for 1 h at 4°C. After
centrifugation and washing, proteins were eluted by addi-
tion of 100 pl of glutathione elution buffer followed by
centrifugation. 10 pl of each samples was loaded to the
SDS-PAGE.

In vitro poly-ubiquitination assay

In vitro ubiquitin conjugation reactions were carried out
using the purified DrUbcl3a and GST-hMms2 proteins.
Other components for this reaction such as Ub, Ub-K48R,
Ub-K63R, ATP, and reaction buffer were purchased from
Boston Biochem. For the reaction, a 20-ml reaction mix-
ture contained 225 nM El enzyme, 450 mM Ub, 1 mM
MgATP, 1 mM Ubcl13, and 1 mM Uevl in the supplied
reaction buffer. The conjugation reactions were incubated
at 37°C for 2 h. Samples were subjected to SDS-PAGE
(12%), and Ub and poly-Ub were detected through Western
blot using polyclonal rabbit anti-Ub antibodies from
Sigma-Aldrich.

Immunofluorescence staining

ZF4 represents a fibroblast-like cell line that derived from
1-day-old zebrafish embryos [33]. ZF4 cells were grown in
DMEM/F12 from GIBCO supplemented with 10% fetal
calf serum, 100 units/ml penicillin and 100 pg/ml strep-
tomycin, and incubated at 28°C in 5% CO, and 95% air.
Cells grown to 50-60% confluence on 35 mm Petri dishes
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were kept on ice and treated with 5 uM camptothecin
(CPT) or 0.01% MMS for 4 h, permeabilized in Triton
buffer for 3 min, blocked for 15 min in a buffer containing
1% BSA and 0.09% sodium azide, pre-extracted with 0.2%
NP40 for 3 min, and then incubated with the primary
mouse anti-human Ubc13 antibody (1:400 dilution of 4E11
ascites fluid) at room temperature for 1 h. Cells were then
incubated with the secondary antibody (Goat anti-mouse-
FITC) for 1 h at room temperature. After three times of
washing with 1x PBS buffer, cells were stained with DAPI
and imaged under a fluorescent microscope.

Quantitative real-time RT-PCR

Right after fertilization, embryos were treated with differ-
ent concentrations of MMS for 6 h. Total RNA was
exacted from 50 MMS-treated embryos at 6 hpf with
TRIZOL reagent from Invitrogen. 5 pg of total RNAs was
treated with RNase-free DNase and reversely transcribed in
the presence of random primers. First-strand cDNA was
analyzed in triplicates with gene-specific primers including
B-actin-FOR 5'-GATGATGAAATTGCCGCACTG-3" and
f-actin-REV 5'-ACCAACCATGACACCCTGATGT-3' for
f-actin, DrUbc13a-FOR 5'-AAAGCGGAGCCAGATGAG
GG-3' and DrUbcl3a-REV 5'-GTCCCACATTGGGATG
GTAGATTT-3 for zebrafish ubcl3a, and DrUbc13B-FOR
5'-TCTCGTGTCCAGCACAGTCC-3' and DrUbc13b-REV
5-TTTCCGCAAACATTCCCAC-3' for zebrafish ubcli3b.
Real-time PCR was performed using an ABI prism 7000
sequence-detection system and the SYBR Green PCR
Master Mix from TOYOBO. Fold-induction of gene
expression was calculated by taking the level of ff-actin gene
expression as one. The relative gene expression was deter-
mined by the 2724 method [34].

Results
Zebrafish ubc13 genes

To identify zebrafish ubcl3 genes, the amino acid sequence
of human Ubcl3 was used to blast the NCBI protein
database (http://www.ncbi.nlm.nih.gov). Two proteins that
are currently named ubiquitin-conjugating enzyme E2N
(symbol: Ube2n) and ubiquitin-conjugating enzyme E2N-
like (symbol: Ube2nl) were found to share a high degree of
similarity with human Ubc13 (E-values <2e—82 and <2e—
81, respectively). According to the guideline for naming
duplicated zebrafish genes (http://zfin.org/zf_info/nomen.
html), we named these two genes as ubcl3a and ubci3b.
DrUbc13a and DrUbc13b were used in the study to dis-
tinguish zebrafish Ubc13s with Ubc13 from other species
by addition of a prefix “Dr”.
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Amino acid sequences of DrUbc13s were aligned with
Ubc13s from six other species (Fig. 1a). Both DrUbc13
proteins consist of 154 amino acids with a difference of
only one amino acid (Thr131 in DrUbc13a and Ser131 in
DrUbc13b). This residue is not located in any known
functional domains of Ubcl3. DrUbcl3a shares 98%
amino acid sequence identity with hUbc13 and mUbcl3,
70% identity with ScUbc13, 78% identity with SpUbc13,
87% identity with CeUbcl3, 81% identity with
DmUbc13a, and 78% identity with DmUbc13b. Impor-
tantly, DrUbc13s contain all critical residues that are nec-
essary for three functional domains as defined in hUbc13
(Fig. 1a). These residues include the active site Cys87 for
Ub thioester formation, Met64 required for the interaction
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ScUbcl3
SpUbcl3
CelUbcl3
DnUbcl3a .1
DnUbcl3b
MnUbcl3
HsUbcl3 .
DrUbcl3a .4E
DrUbcl3b .4E
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Fig. 1 Analysis of zebrafish ubcl3 and its orthologs. a Amino acid
sequence alignment of Ubcl3 from different organisms. Identical
residues shared by the majority (6 out of 9) of Ubcl3s are
highlighted. The source of sequences (GenBank accession No) are:
Sc, S. cerevisiae = NP_010377; Sp, S. pombe = NP_594929; Ce,
Caenorhabditis  elegans = NP_500272; Dm, D. melanogaster
(DmUbc13a - Bendless = NP_511150; DmUbc13b = NP_609715);
Mm, M. musculus = NP_542127; Hs, H. sapiens = NP_003339; Dr,
D. rerio (DrUbcl3a = NP_998651; DrUbc13b = NP_956636). Crit-
ical residues for Ubcl3 functions are indicated with asterisks
underneath the residue. Sequences were aligned and edited using a
BioEdit program version 5.0.9 [59]. b Genomic organization of
S. pombe, human and Zebrafish ubcl3. Filled boxes exons, open
boxes untranslated region, solid lines introns. Identical intron—exon
locations between different Ubcl3 orthologs relative to their coding
sequences are indicated by a connection line
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with an E3 (TRAF6) [35], and three “pocket” residues
(Glu55, Phe57 and Arg70) that determine binding speci-
ficity for Mms2 [32].

Zebrafish ubc13a and ubc13b are located on chromosomes
18 and 4, respectively. Full-length cDNAs of these two genes
were cloned by RT-PCR. Our zebrafish ubcl3 cDNA
sequences agree with the predicted genomic structures and
sequences for both genes on the Ensemble database
(http://www.ensembl.org/Danio_rerio/Info/Index). The geno-
mic locus ID numbers are ENSDARG00000008748 for
Drubcl3a and ENSDARGO00000045877 for Drubcl3b.
Both of zebrafish ubcl3 genes contain four exons and three
introns (Fig. 1b), whereas their ORFs share only 71.8%
nucleotide sequence identity with differences mainly in the
third nucleotide of codons, suggesting that zebrafish ubcl3a
and ubc13b were derived from the whole genome duplication.
This notion was supported by the evidence that promoter and
downstream regions of zebrafish ubcl3a and ubcl3b share
high sequence similarity and their downstream genes are also
duplicated.

Next, we compared the genomic structure of zebrafish
ubc13s with ubcl3 genes from the fission yeast and human.
As shown in Fig. 1b, zebrafish ubci3s have same numbers
of exons and introns, and identical intron/exon borders as
hUbcl3. SpUbcl3 shares two intron—exon borders with
both hUbcl3 and zebrafish ubcl3s. These results further
indicate that ubcl3 was evolved early in the eukaryotic
kingdom and that at least some of its introns predate the
speciation event among yeast, zebrafish and mammal. In
addition, a clustal analysis of Ubcl3 proteins from these
species indicated that sequence of Ubc13 proteins could be
used as one of reliable parameters for phylogenetic analysis
(Fig. S1).

Zebrafish Ubc13s physically interact with yeast Mms2
or human Uevs

Ubc13s from diverse species are able to form a complex
with Uevs in yeast and human to promote the Lys63-linked
poly-ubiquitylation. Since two DrUbc13 proteins differ in
only one amino acid that is not located in known functional
domains, DrUbcl13b was used to investigate whether
DrUbc13 has the same function as yeast and human Ubc13.
The protein—protein interactions between DrUbcl3 and
yeast Mms2 or human Uevs, including hMms2 and Uev1A,
were analyzed in a yeast two-hybrid assay [36]. The zebra-
fish ubc13b ORF was cloned in-frame into a Gal4 DNA-
activation domain vector pGAD424E and the yeast Mms2
and human Uevs were cloned in-frame into a Gal4 DNA-
binding domain vector pGBT9E. As shown in Fig. 2a,
co-expression of Gal4,p-DrUbc13b with Galdgp-yMms2,
Gal4gp-hMms?2 or Galdgp-hUevlA in yeast cells resulted
in the strong expression of endogenous Pgar;-HIS3

reporter gene, indicating that DrUbcl3s are capable of
interacting with yeast and human Uevs.

To further confirm the physical interaction between
DrUbc13 and Uevs from human, a GST-affinity pull-down
assay was carried out. As shown in Fig. 2b, DrUbc13b was
eluted with GST-hMms2 or GST-hUevlA, but not with
GST alone. This result indicates that DrUbc13b is able to
form a stable complex with hMms2 or hUev1A in vitro.

A
CK 3-AT
14 14,
Galdgo  Galdno 1mM 5mM
hMms2 DrUbc13b
hUeviA DrUbc13b . .
-- DrUbc13b .
hMms2 -
hUeviA - e
yMms2  DrUbc13b . )
yMms2 - e
B
Input proteins Pull-down
GST-hMms2 - - + - - + -
GST-hUevl1lA - - - + - - +
GST - + - - + - -
DrUbc13b + - - - + + +
TS| -
50 -
37 " _— | —
25 | - —— —
20 | o — ——e—

Fig. 2 Interaction between DrUbcl3 and Uevs from yeast and
human. a Yeast two-hybrid assays. AD Constructs in the Gal4
activation domain vector pDAD424. BD Constructs in the Gal4 DNA-
binding domain vector pGBT9. The transformants carrying one AD
construct and one BD construct were plated on non-selective SD-Leu-
Trp plates (CK) and incubated for 3 days (left panel), or SD-His-Leu-
Trp + 1 mM 3-AT (middle panel), SD-His-Leu-Trp + 3 mM 3-AT
plates (right panel). b DrUbc13b forms a complex with hMms2 and
hUevlA in a GST-pulldown assay. Purified GST, GST-hMms2 and
GST-hUevlA were added to microspin columns. Following incuba-
tion, columns were spun and washed, and the purified DrUbc13b was
added to the column. After further incubation and washing, the
columns were eluted with reduced glutathione and subjected to SDS-
PAGE gel analysis. Lanes -4 show the purified His6-DrUbc13B,
GST, GST-hMms2 and GST-hUevlA. Lanes 5-7 show the eluent
from the column preloaded with GST (lane 5), GST-hMms2 (lane 6)
and GSThUev1A (lane 7). Arrow points to the His6-DrUbc13b band
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DrUbcl3a + - + + +
hMms2 -+ + + o+
Ub + + + = -
Ub-K63R - = = + -
Ub-K48R - = = - 4
50 | =— Ub
37 5
. aak
20 Ub,
15 Ub,
10
Ub
1 2 3 4 5

Fig. 3 DrUbc13 and hMms2-mediated Ub conjugation in vitro. The
Ub conjugation assay was performed as indicated in “Materials and
methods”. Samples were subjected to SDS-PAGE, and a western blot
using an anti-Ub antibody was carried out to monitor poly-Ub
formation. Single Ub and different chains are indicated in the right
panel

Zebrafish Ubc13 promotes Lys63-linked
poly-ubiquitylation

Ubc13s from yeast and human are able to promote Lys63-
linked poly-ubiquitylation in vitro [37] or in vivo [19] and
a cofactor Uev is absolutely required for this biochemical
reaction. We have previously reported that Arabidopsis
Ubcl13 and Uevls are required for the assembly of Lys63-
linked poly-Ub chains [38, 39]. To determine whether
DrUbc13s have the same function as Ubc13s from other
species, we performed an in vitro ubiquitination assay. As
shown in Fig. 3, DrUbc13 or hMms2 alone was unable to
create free poly-Ub chains (Lanes 1 and 2, respectively).
However, DrUbc13 plus hMms2 (Lane 3) can generate
double-, triple-, tetra- and penta-Ub chains. Moreover,
poly-Ub conjugates were not detected when using an Ub-
K63R mutant that lacks Lys63 (Lane 4), but were detected
when using an Ub-K48R mutant that lacks Lys48 for
conjugation but retains the Lys63 residue (Lane 5). These
results indicate that formation of these poly-Ub chains by
DrUbc13-hMms2 is mediated through Lys63, but not
Lys48.

Zebrafish ubc13s functionally complement yeast ubc13
null mutants

The budding yeast Ubci3 is involved in an error-free
damage tolerance pathway [40]. To characterize roles of
DrUbcl13 in this pathway, a functional complementation
experiment and a spontaneous mutagenesis assay were
carried out. The yeast ubcl3 mutant displays an increased
sensitivity to a variety of DNA damaging agents including
MMS, which can be assessed by a gradient plate assay.
Expression of either zebrafish ubcl3a or Ubc13b from the
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WT

ubcl34

+pGBT9

+ pGBT-DrUbcl3a
+ pGBT-DrUbcl3b

YPD YPD +0.025% MMS
B
S. cerevisiae strains Mutation rate | Standard Fold
(x108) deviation increase
Wild type 3.19 0.18 1
ubc13A 60.8 4.4 19.1
ubc13A/DrUbc13b 4.56 0.75 1.43

Fig. 4 Functional complementation of the yeast ubcl/3 mutant by
zebrafish ubcl3. a A gradient plate assay. The YPD control and
YPD + 0.025% MMS gradient plates were incubated at 30°C for
3 days. All strains grew well on the YPD plate without MMS; on
YPD + 0.025% MMS plate, zebrafish ubcl3 genes rescued yeast
ubc13 mutants to close to the wild type level while the vector alone
had no effect. The arrow points towards the higher MMS concen-
tration. b A spontaneous mutation assay. W7, DBY747 was
transformed with vector pGADA424E. ubci34, the yeast ubcl3 null
mutant WXY849 transformed with vector pGAD424E only. ubcl3/
zebrafish ubcl13b, WXY849 transformed with pGAD-DrUbc13b.
Spontaneous mutation rates represent the average of three indepen-
dent experiments with standard deviations. Fold-increase is relative to
the wild type mutation rate

yeast two-hybrid plasmid partially rescued the ubcl3
mutant from killing by MMS; in contrast, the pGBT9
vector alone did not confer any MMS resistance to the
ubci3 mutant (Fig. 4a).

The most important phenotype of mms2 [18] or ubcl3
[40] mutant is its massive increase in spontaneous
mutagenesis, indicating that both Ubcl3 and Uev play
essential roles in maintaining the genome integrity. The
spontaneous mutation rate in the wubcl3 null mutant
increased nearly 20-fold compared to the wild type cells,
while expression of zebrafish ubcI3b in the ubcl3 mutant
reduced it to the near wild type level (Fig. 4b). From the
above data, we infer that DrUbcl3s have the same
function as yeast Ubcl3.

Zebrafish Ubc13 is involved in DNA damage response

Many DNA repair and response enzymes, including
hUbc13 [41], are able to form stable focal localizations at
sites of damaged DNA in the nuclei. To determine whether
DrUbc13s are involved in DNA repair, we examined
nuclear focus formation after DNA damage. ZF4 cells were
exposed to DNA damaging agents including CPT and
MMS. CPT is a topoisomerase I inhibitor, which converts a
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single-stranded DNA break into a double-stranded break
(DSB) at the replication fork [42, 43]; hence, CPT treatment
is always used to induce highly specific and predictable
DNA lesions. MMS is a DNA alkylating agent, which has
been widely used to cause replication blocks and induce S-
phase checkpoints [44]. Since Ubc13 appears to be freely
translocated between the cytoplasm and the nucleus, we
attempted to refine its localization using an in situ cell
fractionation procedure before fixation, which is a method
frequently applied to identify nuclear localization of DNA
repair proteins [45]. We first test the specificity of the
Ubc13 antibody against DrUbc13. As shown in Fig. S2, the
antibody we previously raised for hUbcl3 detected two
specific bands from the ZF4 cell lysate, while only one
specific band was found in lysates of human tumor cells
HepG2 and Saos-2. The molecular weight of the lower band
is as expected, but the upper band is thought to be due to the
autoubiquitination of Ubc13, which has been observed in
human Ubc13 from a previous study [46]. Hence, we were
confident that this antibody is also specific for DrUbc13s.
We then performed immunofluorescence staining assays
with ZF4 cells. Comparing with the control in which Ubc13
were mainly distributed in cytoplasm, signals for Ubcl3
were markedly accumulated in the nuclei after treatment
with CPT or MMS (Fig. 5a). When detergent extraction
under a stringent condition was performed to remove
soluble components from cytoplasm as well as the nucleus,
nuclear foci for Ubc13 were observed in nuclei of cells
treated with CPT or MMS, but not with untreated cells
(Fig. 5b). These data indicate that DrUbc13s are involved
in DNA damage response and are associated with dam-
aged chromatin. It is also noted that the Ubc13 protein level
in zebrafish ZF4 cells is much higher than in cultured
human cells examined in this study (Fig. S2), suggesting a
potentially high level Lys63-linked poly-ubiquitination
activity.

Previous study has shown that the yeast Ubcl3
expression is induced by DNA damage [40]. To ask
whether the expression of zebrafish ubcl3 is able to
respond to DNA damage agents during zebrafish
embryogenesis, we first looked at the expression profiles
of zebrafish ubci3 genes during development by extrac-
tion of a relative expression of zebrafish ubcl3 genes
from a web-based resource [55]. Both zebrafish ubcli3
genes appear to be universally expressed with the highest
level shown before 18 somite stage and DrUbc13a as the
dominant form during zebrafish embryogenesis (Fig. 6a).
Next, we performed real-time PCR assays to detect zebra-
fish ubcl3 transcriptional expression in developing
embryos treated with different concentrations of MMS.
As shown in Fig. 6b, both zebrafish ubcl3a and ubci3b
transcript levels were significantly induced by MMS
treatment (P < 0.05 or P < 0.01), although =zebrafish

A anti-Ubc13 DAPI

B anti-Ubc13 DAPI

Fig. 5 MMS-induced DrUbc13 nuclear focus formation. ZF4 cells on
ice were treated with 5 pM CPT or 0.01% MMS for 4 h and
immunofluorescence staining were performed according to the
protocol in “Materials and methods”. FITC signals indicate the
distribution of endogenous DrUbc13 proteins in cells and nuclei were
shown by DAPI staining. a Cells were not treated with detergent.
b Cells were treated with detergent after fixation to remove soluble
proteins

Control

CPT

MMS

Control

CPT

MMS

ubcl3a appears to be induced more than zebrafish
ubcl3b. These results support a notion that DrUbc13s are
involved in DNA damage response.
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Fig. 6 MMS induces transcriptional expression of zebrafish ubcl3
genes during zebrafish embryonic development. a Expression profiles
of zebrafish ubc13 genes during development. Relative expression of
zebrafish ubcl3 genes in different developmental stages was extracted
from a web-based resource containing zebrafish gene microarray files
of development (http://serine.umdnj.edu/ ~ouyangmi/cgibin/zebra
fish/profile.htm) [55]. Accession numbers are BI877866 for zebra-
fish ubc13a and BE016083 for zebrafish ubci3b. epi75, 75% epiboly
stage; /8s, 18 somite stage. b Relative transcript levels of zebrafish
ubcl3a and ubcl3b induced by MMS. Embryos were treated with
MMS at indicated concentrations and collected at 6 hpf. Data rep-
resent mean + SD from three independent experiments. Student’s ¢
test was performed using GraphPad Prism version 3.0 for Windows
from GraphPad Software. Statistical significance was defined at
P < 0.05. *P < 0.05 versus untreated embryos and **P < 0.01
versus untreated embryos

Discussion

Lys63-linked poly-ubiquitination is a post-translational
modulation of target protein activities, which plays crucial
roles in many cellular events, including stress response
[47], DNA repair [13], homologous recombination [48],
mitochondrial inheritance [49], plasma membrane protein
endocytosis [50], and innate immunity [51]. As the only
known E2 enzyme that promotes Lys63-linked Ub chain
assembly, Ubc13 has been shown to regulate activation of
NF-kB by poly-ubiquitinating NEMO/IKKy in mammals
[52], DDT in yeast [19] and possibly mammals [41] and
plants [39] through the covalent modification of PCNA,
and neuronal connectivity in Drosophila [53, 54]. How-
ever, the non-canonical poly-ubiquitination and its bio-
logical functions remain to be characterized in zebrafish.
In this study, we identified two duplicated ubcl3 genes in

@ Springer

zebrafish, isolated their full-length cDNAs, and investi-
gated their functions in Lys63-linked poly-ubiquitination
and DNA damage responses.

Zebrafish contains two highly conserved and duplicated
ubcl3 genes encoding nearly identical proteins with only
one residue difference. Although DrUbc13s have a mini-
mum of 70% sequence identity with Ubcl3s of other
eukaryotic species from yeast to human, they have all
known functional motifs. Moreover, ubcl3 is likely an
ancient gene with housekeeping functions during the evo-
lution, since certain intron—exon borders for Ubc13s from
distant organisms are also highly conserved. In addition,
transcriptional expression of zebrafish ubci3s is ubiquitous
and DrUbc13a appears to be the major functional protein
during the development [55]. It would be of great interest
to examine the spatiotemporal expression patterns of zebra-
fish ubci3s and their developmental functions.

The first goal of our investigation is to determine whe-
ther Ubcl3-mediated Lys63 poly-ubiquitination exists in
zebrafish. It is known that Ubcl3 alone is able to form a
thiolester bond with Ub, while the formation of Lys63-
linked poly-Ub chain requires a Uev as a binding partner
[13]. In this study, we first examined the physical inter-
action between DrUbc13s and Uevs from other species by
yeast two-hybrid and pull-down assays. Our data indicate
that DrUbc13s are able to form a stable complex with yeast
Mms2, human UevlA or Mms2. Although neither assay
employed is quantitative, the cross-species DrUbc13-Uev
interaction is as strong as yeast and human intra-species
Ubc13-Uev interactions. We have further shown that in
vitro formation of various poly-Ub chains by DrUbc13-
hMms2 is mediated through Lys63, but not Lys48. Thus,
we infer that zebrafish also utilizes Ubc13-mediated Lys63
poly-ubiquitination as a means of gene regulation in one or
more cellular pathways.

Ubcl13 from yeast is a key member in the error-free
branch of the PRR pathway, which requires Mms?2 as a co-
factor [13]. In human, Ubcl3 interacting with hMms2 is
also involved in DNA repair and protects cells from geno-
mic instability [41]. Zebrafish is able to repair chromosomal
lesions to a much greater extent than the human population,
but the underling mechanisms remain unclear [56]. Given
our findings that DrUbc13s are able to promote poly-Ub
chain assembly with hMms?2 through Lys63 linkage in vitro,
zebrafish may utilize Ubc13-mediated Lys63 poly-ubiqui-
tination as a means of regulation in DNA damage tolerance.
This hypothesis was supported by several lines of evidence
from this study. First, zebrafish ubci3s can functionally
complement the cellular activity of corresponding yeast
gene and expression of zebrafish ubcl3 in the yeast ubcl3
mutant restored the wild type Ubcl3 activities, including
resistance to DNA damaging agents and suppression of
spontaneous mutagenesis. Second, upon DNA damage by
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MMS or CPT, DrUbcl13s are involved in formation of
nuclear foci in treated cells. Third, zebrafish ubci3 tran-
script levels were induced by MMS treatment during
embryonic development. These observations suggest that
Ubc13 is necessary for DNA damage response and may
play crucial roles in maintaining genome stability in zebra-
fish like their counterparts in other eukaryotes.

Ubc13-mediated poly-ubiquitination appears to be pri-
marily involved in environmental stress responses. In
yeast, Ubcl3 expression is DNA damage-inducible and
involved in DDT [40]. Mms2 is required in Ubcl3-
dependent DNA damage response in mammalian cells,
while the Ubcl13-UevlA complex functions in TRAF6-
mediated stress response pathway following activation by
proinflammatory cytokines [57, 58], as well as bacterial
and viral infections [41, 52]. In the study, we demonstrate
that zebrafish contains two ubcl3 genes encoding two
proteins with only one conserved amino acid variation. In
addition, zebrafish appears to be the only non-mammalian
experimental animal model that contains two Uev homo-
logs (Wen et al., personal communications). Therefore,
zebrafish would be an ideal candidate to study functions of
Lys63-linked ubiquitination in multiple cellular signaling
pathways.
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