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FIG. 6. The Ttk69 transcriptional repressor is covalently modified by dSmt3. (A) Extracts from SL2 cells cotransfected with a vector expressing the Ttk69 protein
with a vector expressing dSmt3" (lanes 1 and 5), Cactus'® (lanes 2 and 6), or dSmt3' (lanes 3, 4, and 7) were subjected to precipitation with Ni-agarose beads, and
the precipitates were analyzed by Western blotting with the rat anti-Ttk69 polyclonal antibody. Aliquots of the corresponding unprecipitated extracts (1/10) were loaded
in lanes 1 to 4. In lane 4, the cells had been incubated with 1.25 wM calyculin A prior to protein extraction. The 120-kDa doublet observed in crude extracts (lanes
1 and 3) corresponds to the Ttk69 protein conjugated either to the endogenous dSmt3 protein (lower band of the doublet) or to the transfected HA- or His-tagged
dSmt3 product (upper band of the doublet). (B) SDS lysates from untransfected SL2 cells (lane 1) or from SL2 cells cotransfected with dSmt3 and Ttk69 were
immunoprecipitated with the rabbit polyclonal anti-PML antibody (lane 3), the rabbit anti-Ttk69 antibody (lane 4), or the rabbit anti-dSmt3 antibody (lane 5). An
aliquot of the transfected cell extract (1/200 of the material used for immunoprecipitation) was loaded in lane 2. Immunoprecipitates and cell extracts were fractionated
by electrophoresis and analyzed by Western blotting with a rat anti-Ttk69 antibody. Immunoglobulins are marked by an asterisk. The 100-kDa unmodified and 120-kDa

dSmt3-modified forms of Ttk69 are indicated.

scribed for the modification of PML and IkBa (8, 34), hyper-
phosphorylation prevents the attachment of dSmt3 to Ttk69.
Interestingly, in the presence of calyculin A, the non-dSmt3-
modified Ttk69 species migrated more slowly, suggesting that
it had become hyperphosphorylated.

Coimmunoprecipitation studies confirmed the conjugation
of dSmt3 to Ttk69. Extracts from SL2 cells cotransfected with
Ttk69 and dSmt3 were immunoprecipitated with rabbit poly-
clonal antibodies directed against the Ttk69, dSmt3, or PML
protein and analyzed by Western blotting using a rat anti-
Ttk69 polyclonal antiserum (Fig. 6B). In anti-dSmt3 precipi-
tates, we observed a Ttk69-immunoreactive band of 120 kDa
(lane 5) which comigrates with the modified form of Ttk69
present in both the crude extracts (lane 2) and the anti-Ttk69
precipitates (lane 4). In contrast, the major, unmodified, 100-
kDa Ttk69 form was not precipitated by the dSmt3 antiserum
(compare lane 5 with lanes 2 and 4). Under identical condi-
tions, no Ttk69-reactive species were immunoprecipitated with
the unrelated anti-PML antibodies (lane 3). Substantial
amounts of dSmt3-Ttk69 conjugates were also detected in non-
transfected SL2 cell extracts after direct SDS lysis (lane 1),
confirming that both endogenous and ectopically expressed
Ttk69 protein are modified by dSmt3.

Expression of Ttk69 and dSmt3 in sense organ cells. Ttk has
been shown to act as a repressor of neuronal fate determina-
tion in the Drosophila peripheral nervous system (PNS) (17,
18). In addition to antagonizing neurogenesis, it has been sug-
gested that Ttk69 may also facilitate nonneuronal cell type
specification (37). We thus were interested in comparing the
expression profiles of Ttk69 and dSmt3 in neuronal and non-
neuronal cells. To this aim, we performed immunofluorescence
analysis of cells of the external sensory bristles as they repre-
sent an amenable model for analyzing the mechanisms of cell
fate determination in the PNS (reviewed in reference 2). At 24
hs APF, i.e., soon after precursor cell divisions, a rat-specific
anti-Ttk69 antiserum detected a high level of Ttk69 expression
in all three nonneuronal cells (sheath, shaft, and socket cells)
of the bristle but not in the differentiating neuron (Fig. 7A to
G; see also reference 37). Immunofluorescence analysis using

the rabbit polyclonal anti-dSmt3 antiserum revealed that
dSmt3 was also expressed at a higher level in cells of the
sensory organ lineage than in the surrounding epidermal cells.
In contrast to Ttk69, however, dSmt3 was observed in both the
sensory neuron and the three associated support cells (Fig. 7D
to F). As had been shown in embryos (Fig. 2) and SL2 cells
(Fig. 5), dSmt3 was found predominantly in nuclear dots in the
surrounding epidermal cells (Fig. 7E). The specific accumula-
tion of dSmt3 in sense organ cells is consistent with a role of
dSmt3 in cell fate determination in the PNS. The expression of
dSmt3 in the Ttk69 negative neuronal cells suggests that dSmt3
probably not only modifies Ttk69 but also may target other
protein substrates presumably involved in neuronal differenti-
ation.

Colocalization of Ttk69 and dSmt3 at chromosomal sites. In
an effort to determine in vivo consequences of dSmt3 modifi-
cation of Ttk69, the distribution of Ttk69 and dSmt3 was de-
termined by double-label immunofluorescence microscopy on
third-instar polytene chromosomes. Ttk69 protein had been
previously shown to be highly expressed in third-instar salivary
glands (4). Antibody staining of polytene chromosomes re-
vealed that Ttk69 bound to a large number of euchromatic
sites (Fig. 8A), an observation consistent with the pleiotropic
nature of Ttk overexpression and loss-of-function phenotypes
as well as with the developmentally complex Ttk expression
profile (2, 4, 15, 18). Similarly, many euchromatic sites were
stained with antibody against dSmt3 (Fig. 8C). No such stain-
ing was obtained with the corresponding preimmune serum
(not shown). A merge of the Ttk69 and dSmt3 staining pat-
terns revealed partial overlap between the Ttk69 and dSmt3
distributions (Fig. 8B). Most sites of Ttk69 accumulation also
reacted with dSmt3 antibodies (Fig. 8, arrows), suggesting that
Ttk69 bound at these sites was modified by dSmt3. However, a
number of Ttk69-reactive sites did not show appreciable accu-
mulation of dSmt3 (Fig. 8A and B, white arrowheads), indi-
cating that unmodified Ttk69 was bound. Reciprocally, dSmt3
was found to be associated with a number of sites in the
genome, including the chromocenter, which show no concen-
tration of Ttk69 (Fig. 8B and C, black arrowheads), suggesting
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FIG. 7. Distribution of dSmt3 and Ttk69 expression in sensory bristles. (A to C) Specific accumulation of Ttk69 (green; B) in sense organ cells in A101 pupae at
24 h APF. Sense organ cells were identified based on lacZ expression in the enhancer-trap line A101 (red; A). (D to F) Distribution of dSmt3 (green; E) in sense organ
cells in pupal nota at 24 h APF. Sense organ cells were identified based on cut expression (red; D).

the existence of additional DNA-bound protein substrates for
dSmt3 in Drosophila. The effects of the modification by dSmt3
on centromere structure and components remain to be clari-
fied.

Binding of both unmodified and modified forms of Ttk69 on
DNA sites in vitro. After having established that dSmt3 and
Ttk69 colocalize on polytene chromosomes, we wished to see
whether Ttk69-conjugated proteins could bind to Ttk69 DNA
sites in vitro. We first used a system described by Desterro et
al. (8) to reconstitute the covalent modification of Ttk69.
[*>S]Met-labeled Ttk69 generated by in vitro translation (Fig.
9, lane 1) was incubated with an assay mix containing recom-
binant Ubc9, SUMO-1, and a fraction of HeLa cells containing
El activity, leading to the appearance of an upper band cor-
responding to the Ttk69-conjugated protein (Fig. 9, lane 2). To
investigate the DNA-binding properties of the modified Ttk69
protein, we performed a DNA affinity precipitation assay (13)
using either an oligonucleotide containing a Ttk69 binding site
present in the fiz proximal enhancer (19) or an unrelated
oligonucleotide containing a c-Jun binding site. The mixture of
conjugated and unconjugated Ttk69 proteins was incubated
with each oligonucleotide in the presence of nonspecific com-
petitor poly(dI-dC). Specific DNA-protein complexes were re-
covered with streptavidin magnetic beads and analyzed by
SDS-PAGE. Conjugated and unconjugated Ttk69 proteins
were equally recovered with the oligonucleotide containing the
Ttk69 binding site (lane 3). In contrast, the unrelated oligonu-
cleotide did not precipitate the Ttk69 proteins (lane 4). Thus,
it seems unlikely that posttranslational modification by dSmt3
influences the DNA-binding capacity of Ttk69.

DISCUSSION

The two principal conclusions from this study are as follows.
First, the SUMO-1/Ubc9 protein modification pathway, previ-
ously characterized in humans and yeast, is functionally con-
served in Drosophila. This result shows that this novel pathway
is conserved from lower to higher eukaryotes. Second, we show
that the transcriptional repressor Ttk69 is covalently modified
by the Drosophila SUMO-1 homologue. These data suggest
that the modification by dSmt3 may interfere with transcrip-
tional mechanisms involved in sense organ development.

The SUMO-1/Ubc9 pathway is conserved in Drosophila. In
the present work, we have identified and characterized the
Drosophila homologues, dSmt3 and dUbc9, of the mammalian
SUMO-1 modifier and its conjugating enzyme Ubc9, respec-
tively. Both the structure and the function of these proteins
appear to be highly conserved relative to their counterparts in
yeast and humans. We observe that in a manner analogous to
that for the ScSmt3 protein in yeast cells and to the SUMO-1
protein in human cells, dSmt3 in Drosophila cells is conjugated
to multiple proteins. In addition, we show by immunofluores-
cence studies that dSmt3 localizes in SL2 cells in a pattern
similar to that of SUMO-1 in human cells. In particular, in SL2
cells, dSmt3 and dUbc9 are localized in punctate nuclear foci
as well as in the diffuse nuclear fraction of the nucleoplasm.
The former pattern is very similar to the localization of
SUMO-1-modified PML and Sp100 in NBs in mammalian cells
(3, 34, 44). Moreover, when expressed in mammalian cells,
dSmt3 is targeted to the NBs (data not shown) and conversely
human PML expressed in SL2 cells concentrates in subnuclear
foci. Although we cannot exclude that PML, by self-aggregat-
ing, may form nuclear structures without participation of Dro-

1sanb Aq Tz0z ‘gz Arenuer uo /610 wse qowy//:dny wody papeojumod


http://mcb.asm.org/

1080

LEHEMBRE ET AL.

2y S

FIG. 8. Distribution of Ttk69 and dSmt3 on polytene chromosomes. Salivary
gland polytene chromosomes from wild-type third-instar larvae were simulta-
neously stained with antibodies against Ttk69 visualized with cyanin (A) and
dSmt3 visualized with fluorescein (C). Both antibodies reacted against a large
number of euchromatic sites on polytene chromosomes. (B) The merged image
reveals that while most sites of Ttk69 accumulation (red staining) also were
stained with the dSmt3 antibodies (green staining) (arrows), a number of Ttk69
sites did not show appreciable accumulation of dSmt3 (white arrowheads), and
a number of dSmt3 sites (including the chromocenter [Ch]) were not stained with
the Ttk69 antibodies (black arrowheads).
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FIG. 9. Both modified and unmodified Ttk69 proteins bind to DNA in vitro.
[3S]Met-labeled Ttk69 generated by in vitro translation (lane 1) was incubated
with a reaction mix leading to the covalent modification of Ttk69 (lane 2). This
reaction product was incubated with a biotinylated oligonucleotide containing a
Ttk69 binding site (lane 3) or with an unrelated oligonucleotide (lane 4). The
DNA-protein complexes were recovered by using streptavidin magnetic beads,
separated on an SDS-polyacrylamide gel, and revealed by autoradiography. The
percentage of modified versus unmodified Ttk69 is shown at the bottom.

% modified

sophila proteins, one could also hypothesize that NB-like struc-
tures exist in Drosophila cells and that these specialized
assemblies perform an evolutionarily conserved function.

We have also characterized the dSmt3-conjugating enzyme
as dUbc9, a protein that shows high homology to the yeast and
human Ubc9. The Drosophila protein appears functionally
equivalent to its mammalian and yeast counterparts (9, 23, 39).
Indeed, it was found to form a thioester bond-containing co-
valent intermediate with dSmt3 (Fig. 3) but not with ubiquitin
(not shown), indicating that dUbc9 is the functional analog of
E2s in the dSmt3 pathway.

Protein targets of the dSmt3/dUbc9 pathway. Rather target-
ing proteins for degradation, the dSmt3/SUMO-1 modifica-
tions target some of their protein conjugates to nuclear mac-
romolecular complexes including NBs for PML (34) and the
nuclear pore complex for RanGAP1 (30, 32). Support for a
targeting role in Drosophila is provided by the phenotype of
semushi, a lethal mutant of dUbc9. In this mutant, the nuclear
import of bicoid is blocked during early embryogenesis, result-
ing in a misregulation of the segmentation genes that are
bicoid targets (11). A second lethal mutation, lesswright, is a
dominant suppressor of the female meiotic mutation nod™ (S.
Apionishev and R. S. Rasooly, submitted for publication), but
in this case, the molecular basis for the phenotype has not been
established. In other organisms, Ubc9 has been shown to in-
teract with numerous proteins in two-hybrid assays (38), sug-
gesting that a significant number of proteins can be modified
by this pathway. Our results in Drosophila cells that show a
large number of dSmt3-reactive bands in a Western blot sup-
port this view.

Interestingly, we were unable to detect the presence of any
dSmt3 monomers in extracts of untransfected cells by using
anti-dSmt3 antibodies, suggesting either that dSmt3 itself is
limiting in Drosophila or that its level and conjugation are
tightly regulated. Consistent with this view, transfection of
dSmt3 does not lead to an augmentation of the number and
the quantity of its modified products but leads to an accumu-
lation of dSmt3 monomers. However, exogenously expressed
dSmt3 protein does increase the proportion of modified Ttk69
protein present. Taken together, these data suggest that the
dSmt3/dUbc9 modification pathway is tightly regulated in Dro-
sophila. 1t is likely that the final levels of dSmt3 modification
reflect a balance between substrate availability and associated
targeting/regulatory cofactors. Undoubtedly, one component
of such a complex is the RING finger protein Sina. Sina has
been shown to interact with dUbc9 via N-terminal sequences.
In addition, Sina can bind to itself and a number of target
proteins through a C-terminal domain (20, 21). In this way,
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Sina could recruit dUbc9 to dSmt3 substrates. However, Sina
has also been implicated in ubiquitin-dependent proteolysis
(21, 29, 46). Consistent with this, Sina interacts with the ubiq-
uitin-conjugating enzyme UbcD1 in a yeast two-hybrid assay
(21). It is possible that the interactions of Ubc9 and UbcD1
with Sina are competitive. Alternatively, one may hypothesize
that the interaction of Sina with dUbc9 targets dUbc9 for
proteolytic degradation. Understanding how these different
interactions are regulated could provide insight into the dif-
ferential targeting of proteins either for proteolysis or to spe-
cialized nuclear structures. In this regard, our analysis of the
posttranslational modification of isoforms of the transcrip-
tional repressor Ttk could be informative.

The pattern of dSmt3 mRNA and protein expression during
oogenesis and early embryonic development and the restric-
tion of mRNA to the CNS in the later stages are reminiscent
of housekeeping proteins whose expression correlates with the
embryonic mitotic cycles. While the relatively high levels of
expression in the external sensory lineage would also be con-
sistent with this view, they could also be indicative of a partic-
ular requirement for the protein during sense organ differen-
tiation. Indeed, the modification of Ttk69, a known repressor
of neuronal differentiation, shows that the dSmt3/dUbc9 path-
way could be directly involved in the determination or stabili-
zation of a differentiated state.

The transcriptional repressor Ttk69 is a target for dSmt3
modification. The identification of the transcriptional repres-
sor Ttk69 as a substrate of the dSmt3 conjugation pathway
suggests that this mode of posttranslational modification may
play a direct role in the modulation of transcriptional regula-
tion. Supporting this possibility, the localization of dSmt3 at
particular chromosomal sites shows that the dSmt3 modifica-
tion can be chromosome associated. Its partial colocalization
with Ttk69 and the ability of the dSmt3-modified Ttk69 protein
to bind Ttk69 sites are also consistent with the binding of
modified Ttk69 to a subset of Ttk69 recognition elements.
Although Ttk69 is the first transcription factor shown to be
modified by the SUMO-1/Smt3 homologues, it seems likely
that SUMO-1 also modifies several transcription factors in
mammalian cells, as suggested by the observed interaction in a
two-hybrid assay of Ubc9 with E1A, IkBa, WT1, Jun, p53,
ATF2, ETS-1, the glucocorticoid receptor, and other nuclear
proteins (reference 38 and references therein) and thus may
perform a more general role in transcriptional regulation. Our
data also indicate that the pattern of covalent modification of
Ttk69 may be more complex. In particular, we note that Ttk69
can be phosphorylated as well as conjugated with dSmt3. No-
tably, general inhibition of serine/threonine phosphorylation
prevents dSmt3 conjugation (8, 34), although it is uncertain
whether this is a consequence of a reduction in substrate avail-
ability or conjugating activity.

The biological role and consequences of the conjugation of
dSmt3 to Ttk69 are unclear. Among several possibilities would
be effects on the targeting of the repressor to specific chromo-
somal sites or on its interaction with specific protein partners.
Another attractive hypothesis is that dSmt3 modification might
antagonize the degradation of Ttk69 by a proteasome-depen-
dent pathway. Indeed, it has recently been suggested that in
human cells, SUMO-1 modification of IkBa might serve to
block signal-induced ubiquitination and thus degradation of
IkBa (8). In this context it is intriguing that Sina interacts
directly with and destabilizes the other isoform of Ttk, Ttk88
(29, 46), but that no comparable interaction of Sina and Ttk69
is observed in a two-hybrid assay (46). Nevertheless, Ttk69
levels are stabilized in SL2 cells by MG132, an inhibitor of
proteasome-mediated proteolysis (F. Lehembre and A. De-
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jean, unpublished observations). We therefore suggest that
dSmt3 modification might provide a mechanism for the differ-
ential stabilization of splicing isoforms, such as Ttk69 and
Ttk88, that are transcribed from the same promoter. Genetic
analysis of dSmt3 mutants in Drosophila should hopefully lead
to a better understanding of the role of dSmt3 modification in
the transcriptional regulation of sense organ development.
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