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Covalent modifications of histones, such as acetylation, methyla-
tion and ubiquitination, are central for regulation of gene
expression. Heterochromatic gene silencing, for example, is asso-
ciated with hypoacetylation, methylation and demethylation, and
deubiquitination of specific amino acid residues in histone mole-
cules. Many of these changes can be effected by histone-modifying
repressor complexes that include histone lysine demethylases,
such as KDM1 in animals and KDM1C in plants. However, whereas
KDM1-containing repressor complexes have been implicated in
histone demethylation, methylation and deacetylation, whether
or not they can also mediate histone deubiquitination remains
unknown. We identify an Arabidopsis otubain-like deubiquitinase
OTLD1 which directly interacts with the Arabidopsis KDM1C in
planta, and use one target gene to exemplify that both OTLD1
and KDM1C are involved in transcriptional gene repression via
histone deubiquitination and demethylation. We also show that
OTLD1 binds plant chromatin and has enzymatic histone deubiqui-
tinase activity, specific for the H2B histone. Thus, we suggest that,
during gene repression, lysine demethylases can directly interact
and function in a protein complex with histone deubiquitinases.
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ovalent modifications of histones are critical for eukaryotic DNA

metabolism, determining structure and gene expression activity of
the corresponding chromosomal region (1-5). They govern chroma-
tin folding, which in turn determines cell fate. Proteins containing the
hallmark SWIRM (Swi3p, Rsc8p, Moira) (6) and polyamine oxidase
(PAO) domains, including histone lysine demethylase LSD1/KDM1
in animals (7) and LDL1/KDMI1C in plants (8), are frequently found
in chromatin-associated transcriptional repressor enzymatic com-
plexes (9) and play a key role in regulation of gene expression (10)
during such diverse developmental events as acquisition of neuron-
specific traits in mammals (11, 12) and determination of flower timing
in plants (8). One of the major effects of KDM1-containing complexes
is transcriptional gene silencing through posttranslational mod-
ifications of the core histones. Silenced heterochromatic loci are
distinguished by general histone hypoacetylation, methylation on ly-
sines 9 (K9) and 27 (K27) (1, 13, 14) and demethylation on lysine 4
(K4) (7) and lysine 36 (15) of histone H3, and recently described
deubiquitination of histones H2A and H2B in animals and yeast (16—
19) and H2B in plants (20). Although KDM1-containing repressor
complexes have been implicated in histone methylation, demethyla-
tion, and deacetylation, whether or not they can also mediate histone
deubiquitination is enigmatic.

Monoubiquitination of histone H2B, in both animals and plants,
is typically associated with transcriptional activation, and amino acid
sequences adjacent to the H2B ubiquitination sites are remarkably
conserved between various eukaryotes (20). For instance, ubiquiti-
nated H2B is enriched around transcriptionally active sequences in
bovine thymus, chicken erythrocytes, and Tetrahymena macronuclei
(21). In Drosophila, the USP7 deubiquitinase catalyzes ubiquitin
removal from H2B and contributes to epigenetic silencing of ho-
meotic genes (22). It is thought that ubiquitination mechanistically
disrupts histone-DNA interaction, due to the large size of the
ubiquitin moiety, and thus contributes to euchromatic features of
the surrounding chromatin (20, 23). In plants, similarly to other
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eukaryotes, monoubiquitination of histone H2B lysine 143 (K143)
(23) has been shown to associate with actively transcribed genes. For
example, the Arabidopsis ubiquitin-conjugating enzymes UBC1/2
monoubiquitinate H2B, leading to up-regulation of the FLC flower
timing gene (24, 25). Furthermore, UBC1 and -2 interact with his-
tone monoubiquitinating enzymes HUB1 and -2, which also con-
tribute to derepression of FLC and inhibit transition from vegetative
to reproductive phases in the plant life cycle (24, 25).

Conversely, deubiquitination of H2B results in transcriptional
silencing. Mutations in Arabidopsis H2B deubiquitinase UBP26/
SUP32, which appears to be vital for heterochromatin forma-
tion, release heterochromatic silencing of transgenes and trans-
posons (20). Also, a T-DNA insertion resulting in UBP26/SUP32
loss-of-function leads to up-regulation of PHEI, a MADS-box gene
expressed in developing siliques (26). Another Arabidopsis ubiq-
uitin-specific protease, UBP14, which may be directly involved in
the ubiquitin/26S proteasome pathway, is essential for embryonic
development (27).

Otubains are recently discovered ubiquitin proteases that belong
to a superfamily of OTU (ovarian tumor)-like proteins, are con-
served primarily among eukaryotes and viruses (28), and show no
homology to other deubiquitinating enzymes (29). Otubains also
differ from other deubiquitinases in their substrate specificity by
cleaving only isopeptide bonds (29, 30). Originally described in an-
imal systems, OTU-like proteins, including otubains, are involved in
many ubiquitin-related cellular processes. Little is known about
otubain-like ubiquitin proteases in plants. Only a single otubain-like
protein, with as yet uncharacterized biological activity and function,
was shown to be expressed during early somatic embryogenesis of
pine trees (31).

Here, we describe an Arabidopsis otubain-like deubiquitinase
OTLD1. We show that OTLD1 directly interacts with the Arabidopsis
KDMIC in vivo, and use one target gene common to OTLD1 and
KDM1Cto exemplify that both of them are involved in transcriptional
gene repression via histone deubiquitination and demethylation. We
also show that OTLD1 binds plant chromatin and has a histone
deubiquitinase activity in vitro.

Results

KDM1C Directly Interacts with OTLD1. Previously, we have conducted
a yeast two-hybrid screen for KDMI1C-interacting proteins (8).
Here, using this approach, we identified an otubain-like histone
deubiquitinase, designated OTLD1, and encoded by the Arabidopsis
At2g27350 gene. OTLD1 contains a highly conserved N-terminal
isopeptidase OTU domain, found in deubiquitinating enzymes (28,
29), and a C-terminal UBA (ubiquitin-associated) domain, com-
monly found in proteins involved in ubiquitin-related cell signaling
and transcriptional processes (32) (Fig. 14). Although both OTU
and UBA domains each are found in many different eukaryotic
proteins, the combination of these two domains is distinctly unique
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to OTLD1. In Arabidopsis, OTLDI is a single-copy gene, and its
homologs are found in diverse plant species, including rice (Oryza
sativa, NP_001052752) (Fig. 14), corn (Zea mays, ACG29802),
grape (Vitis vinifera, CAO48705), and moss (Physcomitrella
patens, XP_00178178).

We cloned the full-length cDNA of OTLD1 and confirmed its in-
teraction with KDM1C in the yeast two-hybrid system (Fig. 1B). This
interaction was specific because it was not observed with an unrelated
Agrobacterium VirE2 protein or with the known nonspecific two-hy-
brid activators lamin C and topoisomerase I (33, 34) (Fig. 1B, Left).
Under the nonselective conditions, i.e., in the presence of histidine,
all combinations of the tested proteins resulted in the efficient cell
growth (Fig. 1B, Right).

The KDM1C-OTLD1 interaction was then examined in planta
using bimolecular fluorescence complementation (BiFC) (35-38) in
a heterologous, Nicotiana benthamiana system. Fig. 24 shows that
KDM1C and OTLD1 interacted with each other in planta, producing
the BiFC signal. Negative control experiments coexpressing KDM1C
and VirE2 or OTLD1 and VirE2 failed to reconstitute the YFP
fluorescence. To demonstrate further the specificity of the KDM1C-
OTLD1 interaction in the BiFC assay, we coexpressed OTLD1 with
a KDM1C homolog, the Arabidopsis FLD histone demethylase (39).
No BiFC signal was detected in these experiments (Fig. 24), sub-
stantiating the specificity of the OTLD1-KDMIC interaction as
detected by BiFC.

Interestingly, the KDM1C-OTLD1 BiFC signal not only accu-
mulated in the cell nucleus, but was also observed in the cytoplasm,
colocalizing with coexpressed free CFP (Fig. 24), which is known to
label both cellular compartments (8). This pattern is consistent with
the subcellular localization of OTLD]1 itself (Fig. 2B), suggesting
that OTLD1 might be involved in both nuclear and cytoplasmic
metabolic pathways. On the other hand, KDM1C accumulates in
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Fig. 1. OTLD1 is an otubain-like protein that interacts with KDM1C. (A)

Sequence alignment and domain structure of A. thaliana OTLD1 and its
homolog from rice (O. sativa). Conserved OTU and UBA domains are in-
dicated by shaded and boxed residues, respectively. (B) Specific interaction
of OTLD1 with KDM1C in the two-hybrid system. (Left) Growth in the ab-
sence of histidine, tryptophan, and leucine. (Right) Growth in the absence of
tryptophan and leucine. Growth in histidine-deficient medium represents
selective conditions for protein-protein interactions.
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Fig. 2. Specific interaction between OTLD1 and KDM1C and OTLD1 sub-
cellular localization in planta. (A) The BiFC assay for OTLD1-KDM1C in-
teraction in planta. (B) Nucleocytoplasmic localization of OTLD1 in plant cells.
GFP or YFPsignalisin green, CFPsignalisin blue, and overlapping GFP/YFP and
CFP signals are in blue-green. All images are single confocal sections.

the cell nucleus (40); however, because both proteins initially are
produced in the cytoplasm, they should have cytoplasmic pools, and
the cytoplasmic BiFC signal may reflect detection of this cytoplas-
mic pool of KDM1C.

OTLD1 Binds Plant Chromatin and Deubiquitinates Histone H2B in
Vitro. If OTLDI1 is involved in gene regulation by histone deubi-
quitination, it may directly interact with the chromatin. Indeed,
purified OTLD1 (Fig. 34) efficiently bound purified plant nucleo-
somes as well as total purified bovine histones in a concentration-
dependent and saturable manner (Fig. 3B). The specificity of the
OTLDI1-histone interaction was confirmed by competition experi-
ments, in which increasing concentrations of free histones efficiently
inhibited binding (Fig. 3B). On the other hand, neither binding to
nucleosomes nor to histones was observed with an unrelated Agro-
bacterium protein VirE2 (Fig. 3 C and D, respectively). To examine
whether binding of OTLD1 to nucleosomes or histones is affected
by ubiquitination, we blocked the ubiquitin residues with anti-
ubiquitin antibodies. Fig. 3 shows that the presence of these anti-
bodies had virtually no effect on binding of OTLD1 to nucleosomes
(Fig. 3C) or histones (Fig. 3D), suggesting that these interactions do
not involve exposed ubiquitin moieties. We then compared binding
of OTLDI1 to each of the core histones, H2A, H2B, H3, and H4.
Fig. 3E shows that, whereas the association with H2B was barely
detectible, binding to H3 and H4 was significantly more efficient
and saturable. The binding of OTLD1 to H2A occurred only with
relatively low affinity (Fig. 3E).

Next, we directly tested whether OTLD1 possesses the histone
deubiquitinase enzymatic activity. To this end, purified OTLD1 was
incubated with purified total bovine histones, and the degree of
histone ubiquitination was estimated by Western blot analysis. Fig.
3F shows that the input preparation contained monoubiquitinated
histones (Lower) as well as slower migrating, potentially poly-
ubiquitinated, protein species (Upper). Incubation in the presence of
increasing concentrations of OTLD1 gradually decreased the
amount of monoubiquitinated histones until they were completely
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Fig.3. OTLD1 binds nucleosomes and histones and has a histone H2B deubiquitinase activity. (A) SDS/PAGE analysis of purified OTLD 1 and VirE2. Molecular mass
markers in thousands of daltons are indicated on the Left. (B) Binding of OTLD 1 to nucleosomes and purified histones. Competition curve indicates competitive
inhibition of OTLD1 binding to immobilized histones by free histones. (C) Effects of antiubiquitin (Ub) antibody on OTLD1 binding to nucleosomes. (D) Effects of
anti-Ub antibody on OTLD1 binding to purified histones. VirE2 represents negative control. (E) OTLD1 preferentially binds H3 and H4. All data represent average
values of three independent experiments with indicated SD. (F) Deubiquitination of a total histone preparation by OTLD1. (G) Deubiquitination of mono-
ubiquitinated H2B, but not H2A, by OTLD1. Each panel represents an immunoblot analysis of a separate membrane, done in parallel. (H) Kinetic analysis of the

OTLD1 deubiquitinase activity. VirE2 represents negative control.

deubiquitinated at the highest tested concentration of OTLD1 (Fig.
3F). Histone deubiquitination by OTLD1 occurred on the H2B. Fig.
3G shows that, whereas OTLD1 did not affect the amounts of
monoubiquitinated H2A, it substantially reduced the content of
monoubiquitinated H2B in the histone preparation. This was due to
deubiquitination, rather than proteolysis, because OTLD1 did not
affect the total amounts of H2B with the electrophoretic mobility
similar to that of the monoubiquitinated H2B (Fig. 3G). Thus,
OTLDI1 is an enzymatically active histone deubiquitinase specific for
the monoubiquitinated histone H2B. Note that, because the major
histone species ubiquitinated in plants is H2B (20, 23, 41), we did
not test the OTLD1 deubiquitinase activity against H3 and H4.

Finally, we performed kinetic analysis of the OTLD1 activity
using a commercially available fluorimetric assay. Fig. 3H shows that
OTLD1 exhibited typical saturation kinetics, on the basis of which
we calculated its apparent specific activity as 0.01 mU/mg (or 0.17
pkatal). No deubiquitinase activity was observed with an unrelated
protein VirE2 (Fig. 3H).

KDM1C-OTLD1 Complex Represses Gene Expression via Histone
Deubiquitination. That KDM1C and OTLDI1 can function in com-
plex implies that they can act on the same target gene and, because
KDMIC promotes heterochromatin formation (8, 40), that the ef-
fect of OTLD1 could also be heterochromatinization. Our earlier
microarray analysis (8) identified several genes targeted by KDM1C
and derepressed in a KDMIC mutant, swpl-1, out of which we se-
lected At5g39160 that was also up-regulated in an OTLDI mutant,
otld1-1, and analyzed it in detail. First, we demonstrated that the
homozygous otldI-1 line, which carried the mutagenic T-DNA in-
sertion within the OTLDI exon at position coding for the amino
acid residue 402 (SALK_028707), between the OTU and UBA
domains, is indeed a null mutant and expresses no OTLDI RNA
(Fig. 44). The absence of KDM1C transcript in the swpI-1 line has
already been reported (8). Then, we compared expression of
At5g39160 between the wild-type plants and swpl-I and otld1-1
mutant plants by RT-PCR. Fig. 4B shows that the level of expres-
sion of the At5g39160 gene was substantially increased in swpI-I as
well as in otld1-1 mutants. Control experiments (Fig. 4B), using
constitutively expressed actin (4CT8), confirmed equal input of
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RNA and reaction efficiency. Finally, the At5g39160 derepression in
swpl-1 and otldI-1 was measured by quantitative real-time PCR
(qPCR) (Fig. 4C), showing that the expression of this gene was
increased approximately threefold in both mutants. Thus, consistent
with their possible function in the same repressor complex, both
KDMI1C and OTLD1 repress the At5g39160 target gene, potentially
fine tuning its expression similarly to other KDM1C-containing
repressors (8, 40, 42). Alternatively, KDM1C and OTLD1 may af-
fect At5g39160 indirectly, through regulation of other genes whose
protein products then act—also via histone demethylation and
deubiquitination—on A#5g39160.

Next, we used quantitative chromatin immunoprecipitation
(qChIP) to examine whether the repressor activity of KDMI1C/
OTLD1 involves histone deubiquitination. Because the regulatory
elements of At5g39160 associated with histone modifications have
not been defined, this analysis was performed on several sequences
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Fig. 4. OTLD1 and KDM1C target and repress the At5g397160 gene. (A) RT-
PCR detection of the OTLD1 mrna-specific product in the ot/d7-1 and wild-
type (WT) plants. (B) RT-PCR analysis of At5939160 derepression in the swp1-
1, otld1-1, and WT plants. Constitutively expressed ACT8 was used as internal
control. (C) gPCR analysis of At5g39160 derepression in the swp1-1, otld1-1,
and WT plants. The data represent average values of three independent
experiments with indicated SD.
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that surround the translation initiation site of this gene (Fig. 54).
Using antiubiquitin antibody, we showed that, in the At5g39160
chromatin, histone ubiquitination was most pronounced in the
regions B and C (Fig. 5B). Importantly, not only the ofldI-1 mutant,
but also the swpI-1 plants, exhibited hyperubiquitination of the
target chromatin, both showing a 2.5- to 4-fold increase in histone
ubiquitination relatively to the wild-type plants (Fig. 5B). Consistent
with the ability of OTLD1 to deubiquitinate H2B (Fig. 3), anti-
ubiquityl H2B antibody detected hyperubiquitination of H2B in
both otld1-1 and swpI-1 plants, with the highest signal observed for
region B (Fig. 5C); the signal differences between total histone
ubiquitination and that of H2B most likely are due to the relatively
low titer of the monoclonal antiubiquityl H2B antibody compared
with the polyclonal anti-H2B antibody. No differences in the total
H2B levels were detected in all tested plant lines.

KDM1Cis a member of the histone lysine demethylase family (43);
thus, we examined potential changes in major chromatin methylation
marks, such as lysines 4, 9, 27, and 36 of H3 (H3K4, H3K9, H3K27,
and H3K36, respectively). Our qChIP analysis showed that only H3K4
methylation—which is diagnostic of active chromatin, frequently as-
sociated with histone ubiquitination (20, 24, 25) and targeted by the
human KDM1 (7)—was affected in the A15g39160 chromatin of the
swpl-1 plants (Fig. 5 D and E), whereas no changes in other H3
methylation marks could be detected. The increase in both tri- and
dimethylated H3K4 was observed; this H3K4 hypermethylation was
consistent, albeit less dramatic, i.e., 30-50% of the wild-type plants,
than the increase in ubiquitination, and detected mostly in region B
(Fig. 5 D and E). Comparable levels of H3K4 hypermetylation in the
At5g39160 chromatin were observed also in the ofld1-1 mutant (Fig. 5
D and E). Thus, OTLD1 and KDMIC affected both their direct and
reciprocal histone modifications, i.e., the absence of OTLD1 not only
reduced the target gene chromatin deubiquitination, but also brought
about its H3K4 hypermethylation, whereas the absence of the
KDMI1C increased not only H3K4 di- and trimethylation, but also
elevated ubiquitination of the target chromatin.

Discussion

OTLD1 is the first example of an otubain-like histone deubiquitinase
involved in chromatin modification and regulation of plant gene ex-
pression. To date only one histone deubiquitinase UBP26/SUP32,
with no homology to OTLD]1, has been identified in plants (20).
OTLDI1 also represents the first eukaryotic histone deubiquitinase
shown to associate directly and function together with the KDM1-
type lysine demethylases. Because the presence of only OTLD1 or
KDMIC in the swpl-1 or otldI-1 mutants, respectively, was in-
sufficient to effect their respective histone modifications, the func-
tions of these repressors are most likely interdependent. Taken

A 1 kbp

Relative histone ubiquitination level [JJ
Relative H2B ubiquitination level O

qChlIP primer location qChlIP primer location

together with the observations that OTLD1 and KDMIC directly
interact with each other in vivo and affect at least one common target
gene, these results suggest that both proteins may function within the
same corepressor complex that regulates gene expression through
chromatin modification. In this complex, OTLD]1, due to its affinity
toward nucleosomes, may bind directly to and deubiquitinate the
target gene chromatin.

OTLD1, which carries the unique combination of OTU-UBA
domains, may be specific to plants because we did not find its full-
sequence homologs in nonplant species databases. On the other
hand, that OTLD1 homologs are encoded by both dicots and mon-
ocots suggests that this protein architecture has evolved before the
dicot/monocot divergence. Because histone deubiquitination plays an
important role in gene regulation, the OTLD1 function most likely is
backed up by other deubiquitinases. Indeed, the homozygous otld1-1
mutant lines did not display apparent phenotypic changes, suggesting
functional redundancy with additional deubiquitinating enzymes.
Similarly, knockdown of otubain expression in Hela cells had little
effect on the pattern of ubiquitinated proteins (29).

Unlike mammalian cells, which ubiquitinate both H2A and H2B
(19), the primary ubiquitinated histone found in plants is H2B (20,
23, 41), and, consistent with its potentially plant-specific function,
OTLD1 deubiquitinated only H2B within the mixture of ubiquiti-
nated mammalian H2B and H2A. Interestingly, the binding affinity
of OTLDI1 to core histones differs from its enzymatic specificity
toward the same substrates. OTLD1 associated preferentially with
H3 and H4, and to a lesser extent with H2A, but not with H2B,
whereas it deubiquitinated only H2B. Thus, OTLD1 most likely
recognizes and modifies the target chromatin at different histone
molecules within the nucleosome. This is consistent with the nu-
cleosome topology where portions of the H3 and H4 molecules are
located in close proximity to the H2B ubiquitination site (19).
Similar strategy of a protein modifier binding to one component of
the target protein complex and modifying another component of the
same complex has been reported, for example, for the E2 enzyme,
which binds to the RING (U-Box) and A20 finger-type E3 ligase—
target protein complexes via E3, but transfers ubiquitin to the target
protein and not to E3 (44).

How histone deubiquitination may lead to heterochromatin for-
mation and target gene repression is not yet understood, although
several possible mechanisms have been proposed (19). For example,
the removal of bulky ubiquitin residues may directly affect chro-
matin folding and result in its denser packaging, restricting access of
the transcription machinery to the DNA. Or, histone deubiquitina-
tion may affect chromatin structure indirectly, through its impact on
other covalent modifications. Indeed, monoubiquitination of H2B is
linked with H3K4 methylation in plants (20, 25) as well as in yeast

m
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Fig. 5. Repression of the At5g39760 gene is mediated via histone deubiquitination and demethylation. (A) Location of sequence regions A-C in At593916,
used for qChlIP analyses. (B) Relative levels of total histone ubiquitination. (C) Relative levels of H2B ubiquitination. (D) Relative levels of H3K4 trimethylation.
(E) Relative levels of H3K4 dimethylation. White, gray, and black bars indicate the swp7-1, otld7-1, and wild-type plants, respectively. All data represent

average values of three independent experiments with indicated SD.
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(45-47) and animals (48). This last scenario is consistent with our
data, indicating that OTLD1 functions as part of KDM1C-containing
repressor complexes that deubiquitinate H2B and induce hyper-
methylation of H3K4 in their target chromatin. Alternatively,
KDMI1C and OTLD1 may cooperate with each other to protect the
existing heterochromatin from H2B ubiquitination and H3K4 meth-
ylation. Indeed, a Drosophila KDM1 homolog SU(VAR)3-3 in con-
cert with its associated histone deacetylase and methyltransferase,
albeit not deubiquitinase, is thought to exert a protective effect
against expanding H3K4 methylation of heterochromatin (49).

Materials and Methods

Plants. The T-DNA insertion mutants swp71-7 (8) and ot/d1-1 [SALK_142477 and
SALK_028707, respectively, obtained from the Arabidopsis Biological Re-
source Center (ABRC)] and wild-type plants were derived from the Col-0 eco-
type of Arabidopsis thaliana. We used the unsilenced heterozygous otld7-1
stock to analyze segregation of the kanamycin resistance marker contained in
the mutagenic T-DNA; the resulting segregation ratio, 102:29 seedlings, is
consistent with T-DNA insertion into a single segregating site. We then crossed
the heterozygous otld1-1 plants to homozygocity, whereas the homozygous
swp1-1 line was produced earlier (8). The homozygocity of both mutant lines
was verified using the KDM1C- or OTLD1-specific primer pairs 5’GTTTTGG
CGAGGCAACTTGGT3'/5'CCCATCTGGAACAGAGGGCTT3’ and 5'tgcttgacttgt
tctgtgttggaa3’/5'cacgtggacaaggaacaggtg3’, respectively, and the T-DNA left
border-specific reverse primer 5GCGTGGACCGCTTGCTGCAACT3’ as de-
scribed (50) (http://signal.salk.edu/cgi-bin/tdnaexpress). Notably, the ot/d1-1
mutant was indistinguishable from the wild-type plants in its overall mor-
phology and development; thus, the knockout of OTLD1 most likely did not
interfere with essential plant cellular functions. For RNA extractions and ChIP
analysis, plants were grown on Gamborg's B5 (Sigma)/0.1% sucrose medium in
an environment-controlled chamber at 22-24 °C and maintained under long-
day conditions of 16 h of white light (70-80 pmol photons m™2s™") and 8 h
of darkness.

Preparation of Recombinant OTLD1. The full-length OTLD7 ¢cDNA (ABRC stock
U24564) was amplified using the primer pair 5CTAGCTAGCATGACTCGGA-
TTTTGGTTCAAAG3'/5'GTTAGCGGCCGCTTCCGTGGCTTTGCCTTTGC3!, cloned
into the Nhel/Notl sites of pET21a (Novagen), and verified by DNA se-
quencing. The VirE2 coding sequence was subcloned as a Hindlll/Xhol frag-
ment of pET3b:virE2 (51, 52) into the same sites of pET28b(+) (Novagen).
The recombinant His-tagged OTLD1 and VirE2 proteins were expressed in
BL21(DE3) Escherichia coli strain (Novagen) as described (51, 53), and puri-
fied on Ni-NTA resin (Qiagen). This procedure resulted in >95% pure protein
preparations as determined by SDS-polyacrylamide gel electrophoresis
(PAGE) (Fig. 3A). Note that the electrophoretic mobility of OTLD1 was higher
than its predicted molecular mass, most likely due to posttranslational
modifications (54).

OTLD1 Binding to Nucleosomes and Histones. Maxisorb plates (Nunc) were
incubated overnight at 4 °C with 200 pL of carbonate buffer (50 mM Na,COs/
50 mM NaHCO3, pH 9.6) containing 0.2 mg/mL of plant mononucleosomes
purified from cauliflower florets as described (55), purified total bovine
histones (Sigma; H9250), purified recombinant human H2B, H2A, H3.3, an H3
variant conserved in all eukaryotes, from yeast to humans (56), and H4 (New
England Biolabs; M2505S, M2502S, M2507S, and M2504S, respectively), or
BSA (Sigma-Aldrich; A7906). After a wash in PBS pH 7.4, the plates were
blocked by incubation with 200 pL/well of 4% BSA in PBS for 2 h at room
temperature. Then, the increasing concentrations of purified His-tagged
OTLD1 or VirE2 in 4% BSA/PBS were added to the wells and incubated for 1-
2 h at room temperature, followed by a wash in PBS and addition of 1:500
dilution of rabbit anti-His antibody (Bethyl Laboratories; A190-114A). After
1-h incubation and a wash in PBS, secondary antirabbit IgG conjugated to
alkaline phosphatase (AP) (1:500 dilution; Sigma; A3687) was added, and the
incubation continued for 1 h at room temperature. OTLD1 binding was
detected colorimetrically at 405 nm after addition of the AP substrate p-
nitrophenyl phosphate (PNPP) in diethanolamine buffer. For competitive
inhibition of OTLD1 binding, the OTLD1-containing binding solution was
supplemented with 2 mg/mL of free bovine histones. For blocking the
ubiquitin residues, antiubiquitin antibody (1:100 dilution; Santa Cruz Bio-
technology; sc-8017) was added to the wells and incubated for 1 h before
addition of OTLD1.

In Vitro Histone Deubiquitination. The purified OTLD1 was incubated with 20
ug of total purified bovine histones in 50 mM Tris-HCI (pH 8.0), 50 mM NacCl

Krichevsky et al.

for 3-4 h at room temperature. For Western blot analysis, samples were
resolved by 6-12% gradient SDS/PAGE, electrotransferred onto a NitroPlus
membrane (Micron Separations), blocked with 4% milk and probed with the
following antibodies: antiubiquitin antibody conjugated to horse radish
peroxidase (HRP) (1:1,000 dilution; Santa Cruz Biotechnology; sc-8017 HRP),
or anti-H2B (1:1,000 dilution; Santa Cruz Biotechnology; sc-10808), anti-
ubiquityl H2B (1:1,000 dilution; Medimabs; MM0029), or antiubiquityl H2A
(1:1,000 dilution; Upstate/Millipore; 05-678) antibodies followed by alkaline
phosphatase (AP)-conjugated goat anti-rabbit antibody (1:2,000 dilution;
Jackson ImmunoResearch). After additional washing, proteins recognized by
the antibodies were visualized using either a chemiluminescent HRP sub-
strate (Millipore) or chromogenic AP staining with bromochloroindolyl
phosphate (BCIP) and nitro blue tetrazolium (NBT).

For quantification of the OTLD1 deubiquitinase activity, we used the DUB-
Detector kit with a fluorescent universal ubiquitin substrate (Active Motif)
according to the manufacturer’s instructions. For calculation of the OTLD1-
specific activity, one enzyme unit was defined as the amount of OTLD1 that
catalyzes the conversion of 1 mmole of substrate per minute.

Yeast Two-Hybrid Assay. The KDM1C cDNA was cloned into the Sall/Pstl sites
of a LexA plasmid pSTT91 (TRP1*; ref. 57) and the OTLD1 cDNAs was cloned
into the EcoRI/Pstl sites of pGAD424 (LEU2*; Clontech). The Arabidopsis
cDNA library and the virE2 gene in pGAD424 as well as human lamin C and
topoisomerase | in pSTT91 were described previously (58-60). Protein in-
teraction indicated by histidine prototrophy was assayed in the Saccharo-
myces cerevisiae strain L40 (34) (61) by growing cells for 3 d at 30 °C on
a leucine-, tryptophan- and histidine-deficient medium in the presence of 10
mM of 3-amino-1,2,4-triazole (3-AT).

BiFC, Subcellular Localization, and Microbombardment. For BiFC, the KDM1C or
FLD cDNAs were inserted into the Xhol/Kpnl or Sacl/Kpnl sites, respectively,
of pSAT4-nEYFP-C1 (GenBank accession no. DQ168994), and OTLD1 cDNA
was inserted into the Bglll/EcoRI sites of pSAT1-cEYFP-C1(B) (GenBank ac-
cession number DQ168996) (62). The virE2 gene was cloned into the Bglll/
BamHlI sites of pSAT4-nEYFPC1 and pSAT1-cEYFP-C1(B). For subcellular lo-
calization, the OTLD1 cDNA was fused to GFP in pSAT6-EGFP-C1 (GenBank
accession no. AY818377) (62). Free CFP was expressed from SAT6-ECFP-C1
(GenBank accession no. AY818374 (62). Tested constructs were mixed in
a weight ratio of 2:2:1 for BiFC or 1:1 for subcellular localization studies,
adsorbed onto 10 mg of 1-pm gold particles (Bio-Rad) and bombarded at 80—
110 psi into the leaf epidermis of greenhouse-grown N. benthamiana using
a Helios gene gun (PDS-1000/He; Bio-Rad) as described (63). After incubation
for 24-48 h at 22-24 °C, the bombarded tissues were viewed under a Zeiss
LSM 5 Pascal confocal laser scanning microscope.

RT-PCR and qPCR. For RT-PCR, total RNA from 2-wk-old seedlings was isolated
using TRI-reagent (Molecular Research Center) and treated with RNase-free
DNase (DNA-free kit; Ambion). cDNA was synthesized using ProtoScript First
Strand cDNA synthesis kit (New England Biolabs) with Oligo-dT primers and
~500 ng of the DNA-free RNA for each sample. Equal amounts of the RT
reaction products were PCR amplified using primer pairs specific for the
OTLD1 cDNA (5’ AGCTGTGGACAGTGATGAACCTGC3'/5'CATATACTTGATCTG-
CAACAGCTCG3’; to determine that this is a null mutant, we designed them
to span an intron upstream of the mutagenic T-DNA sequence), ACTIN8
(Act8) (5'GTCTGTGACAATGGTACTGG3'/5'CCTGCTTCATCATACTCTGC3'), and
At5939160 (5 TGATCCAAGTCCACTCCAAG3'/5’ACCTGAAAATGGATCATTCC3).
These primers were designed to amplify across introns to discriminate be-
tween ¢cDNA and potential residual genomic DNA contaminants. The absence
of such contamination was also demonstrated by control PCR reactions per-
formed without RT. The PCR products were analyzed by agarose gel elec-
trophoresis.

gPCR was performed using the same cDNA preparations in Light Cycler
480Real-Time PCRsystem (Roche) with SYBR-green | Master mix (Roche) and the
primer pairs specific for Act8 (5 TGTATGTTGCCATTCAAGCTGTTC3'/5'GAAA
CCCTCGTAGATAGGCACAGTG3') and At5939160 (5’ AATGCTTATGATCCAAGT
CCACTCC3'/5'AATCTTTTGCATCGACTCGCTTCGG3’). Relative abundance of
the At5939160 mRNA-specific product was normalized to the amount of the
product specific for Act8, which represented an internal control of a consti-
tutively expressed gene.

qChlP. ChIP was performed as described (8, 64). Briefly, 2-wk-old seedlings were
cross-linked with formaldehyde, chromatin was isolated, shared by sonication,
andimmunoprecipitated with 5-6 pg of antiubiquitin (Santa Cruz Biotechnology;
sc-8017), antiubiquityl H2B (Medimabs; MMO0029), anti-H3 (Upstate/Millipore;
06-755), antidimethyl H3K4 (Upstate/Millipore; 07-030), or antitrimethyl H3K4
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(Upstate/Millipore; 07-473) antibodies. The cross-links were heat reversed
at 65 °C, DNA purified on spin columns (Zymogen), and gPCR was performed with
primer pairs specific for Act2/7 promoter regions (64) or for regions A-C within
At5939160: (region A) 5TTTGGTCCCTCCCAAATACATG3'/5’AAACATAAATTA-
TAACTTACGTTC3/, (region B) 5’AATATGACTTATATGCTCTTGTCC3'/5'GGATCAT-
AAGCATTGACAAAGG3', and (region C) 5’GGAAAATTCCAGCAGTTGCTTTTGC3/
5 TGGACCCAAACTTGGCCTGAAGTTC3'. Relative abundance of the products
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