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Abstract
Our previous results showed that the polycomb protein mel-18 binds to a protein called HSF2 and
inhibits HSF2 sumoylation, thereby functioning as an anti-SUMO E3 factor. This study also
suggested that mel-18 regulates the sumoylation of other cellular proteins, but the identities of these
other proteins were unknown. Here we show that mel-18 interacts with the RanGAP1 protein and
inhibits its sumoylation, and that these activities do not require the RING domain of mel-18. The
results also show that RanGAP1 sumoylation is decreased during mitosis, and that this is associated
with increased interaction between RanGAP1 and mel-18 during this stage of the cell cycle.
Intriguingly, this regulatory relationship is the opposite of that found for mel-18 and HSF2, in which
the interaction between these two proteins decreases during mitosis, resulting in elevated HSF2
sumoylation. The results of this study strengthen the conclusion that mel-18 functions as an anti-
SUMO E3 factor, and extend its targets to include regulation of the sumoylation of the important
cellular protein RanGAP1.
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Introduction
Covalent attachment of Small Ubiquitin-like Modifier (SUMO) proteins to lysine residues in
target proteins, or sumoylation, is an important regulator of protein functional properties [1–
5]. SUMO proteins are covalently attached to target lysine residues by the SUMO E2 enzyme,
ubc9, and these substrate lysines are typically found within the consensus sequence ΨKXE
(Ψ represents hydrophobic amino acids) [6–9].

SUMO E3 proteins have been identified that enhance the efficiency of sumoylation by
interacting with both ubc9 (SUMO E2) and the target protein, thereby acting as bridging factors
to increase the rate of the sumoylation reaction [1–3,5,10–14]. However, the results of a recent
study in our laboratory revealed the surprising finding that a member of the polycomb group
of proteins, called mel-18, function like an anti-SUMO E3 protein [15]. In this study it was
found that mel-18 binds to and inhibits the sumoylation of a protein called HSF2 by interacting
with and inhibiting the activity of ubc9 enzymes in the vicinity of HSF2. These results also
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indicated that mel-18 may function to inhibit the sumoylation of other cellular proteins, but
the identities of these other proteins was unknown.

RanGAP1, a Ran GTPase-activating protein that plays a critical role in nuclear transport, was
the first identified substrate for SUMO modification [16,17]. The results presented in this paper
reveal that mel-18 interacts with RanGAP1 and inhibits its sumoylation, and that these effects
do not require the RING domain of mel-18. The results also show that RanGAP1 sumoylation
decreases during mitosis and that this is correlated with increased interaction between
RanGAP1 and mel-18 during this stage of the cell cycle, which is the reverse of the regulatory
relationship between mel-18 and HSF2 sumoylation with respect to mitosis. These results
strengthen support for the function of the polycomb protein mel-18 as an anti-SUMO-E3 factor,
and indicate that it is an important regulator of the sumoylation of a number of vital proteins
in the cell.

Materials and Methods
Cell culture

HEK293T cells were grown at 37°C in DMEM supplemented with 10% FBS.

Mutagenesis of Plasmids
pEGFP-mel-18 plasmid mutations, including the Δ17–56 mutant of mel-18 (ring finger
deletion referred to as RINGΔ) and the C53G and C56G substitution mutants, were generated
using the QuickChange mutagenesis method (Stratagene) according to the manufacturer’s
protocol. Mutations were confirmed by DNA sequencing. A T7-RanGAP1 Δ419 mutant of
RanGAP1 was generated using the QuickChange mutagenesis kit (Stratagene) according to
the manufacturer’s protocol by using pQE-RanGAP1-NΔ419 plasmid (C-terminus of
RanGAP1 sequence from amino acid 420 to end 589). Mutations were confirmed by DNA
sequencing.

Immunoprecipitation analysis
For co-immunoprecipitation experiments, HEK 293 cells were transfected with GFP-mel-18
expression constructs (wild type, ring finger deletion (RINGΔ), C53G, or C56G mutations)
using jetPEI reagent according to the manufacturer’s instructions (polyplus-transfection), and
then blocked in mitosis by treatment with 400 ng/ml nocodazole for 16 hours. After 48 hours
transfected cells were extracted on ice with NP-40 lysis buffer (1% NP-40, 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1 mM dithiothreitol, and complete protease inhibitor cocktail (Roche
Applied Science)) for 20 minutes. Lysates were then cleared by centrifugation at 13,000 rpm
for 10 minutes at 4°C. Supernatants were precleared by incubation with goat (control) IgG and
protein G-sepharose beads for 2 hours at 4°C with gentle rotation. Precleared extracts were
then incubated with primary goat polyclonal RanGAP1 antibody or control IgG and 50% slurry
of protein G-sepharose for 4 hours at 4°C with rotation. After washing beads 6 times for 5
minutes each at 4°C with NP-40 buffer, bound proteins were released by boiling in SDS-PAGE
sample dye and analyzed by Western blot using the GFP mouse monoclonal antibody (JL-8
clone, Invitrogen). For immunoprecipitation analysis of RanGAP1 sumoylation, HEK 293T
cells were transfected with pEGFP-mel-18 (wild type or mutants) or pEGFP-C1 along with
the myc-sumo-1 expression plasmid using jetPEI reagent according to the manufacturer’s
instructions (polyplus-transfection). After 48 hours cell extracts were prepared using NP-40
Buffer (50 mM Tris–HCl, (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 1 mM dithiothreitol,
and complete protease inhibitor cocktail (Roche Applied Science), 10 mM N-ethylmaleimide)
before adding RanGAP1 polyclonal antibodies or non-specific IgG to proceed as described
above, followed by Western blot assay using anti-myc monoclonal antibody (Invitrogen) or
anti-SUMO-1 antibodies (Bethyl).
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In vitro sumoylation assay
T7-RanGAP1 Δ419 (gift of Mike Matunis) was in vitro translated in a rabbit reticulocyte lysates
(TNT, Promega) and then subjected to in vitro SUMO-1 modification assay as previously
described [18] in the presence or absence of purified recombinant GST-mel-18 or GST.

Results
Our previous study showed that mel-18 interacts with HSF2 and inhibits its sumoylation by
binding to and inhibiting the activity of ubc9 enzymes in the vicinity of HSF2 [15]. The results
also suggested that mel-18 inhibits the sumoylation of other cellular proteins. RanGAP1 is a
very important cellular SUMO substrate protein, in fact the first identified substrate for
SUMO-1 conjugation [16,17]. Therefore, in the present study we sought to determine whether
the sumoylation of RanGAP1 is regulated by mel-18, and if so whether this involves interaction
between these two proteins.

As a first test of this hypothesis, we determined whether adding purified recombinant GST-
mel-18 to would affect the SUMO modification of RanGAP1 in an in vitro sumoylation assay.
The results of this experiment, shown in Figure 1A, indicate that the addition of purified GST-
mel-18 is indeed associated with decreased sumoylation of RanGAP1. Next, we wanted to
examine whether mel-18 can inhibit the sumoylation of RanGAP1 expressed in cells. To test
this, GFP-mel-18 or GFP expression constructs, along with a myc-SUMO-1 expression
plasmid, were transfected into cells and then extracts of these cells were subjected to
immunoprecipitation using anti-RanGAP1 antibodies or non-specific IgG (negative control),
followed by anti-myc Western blot to detect the sumoylated forms of the RanGAP1 protein.
The immunoprecipitates were also subjected to Western blot using anti-RanGAP1 antibodies
in order to provide an additional way to visualize the sumoylated form of RanGAP1. The results
of this experiment, shown in Figure 1B, indicate that expression of GFP-mel-18, but not GFP,
is associated with decreased RanGAP1 sumoylation. The results of the experiments shown in
Figure 1 demonstrate the ability of mel-18 to inhibit RanGAP1 sumoylation.

As described above, our previous work demonstrated that mel-18 binds to HSF2 and inhibit
its sumoylation [15]. Therefore, we next investigated whether the inhibition of RanGAP1
sumoylation demonstrated by the data in Figure 1 above could also involve interaction between
RanGAP1 and mel-18. To examine this, HEK 293 cells were transfected with GFP-mel-18
expression constructs and then extracts of the cells were subjected to immunoprecipitation with
anti-RanGAP1 antibodies or non-specific IgG (negative control), followed by anti-GFP
antibody Western blot (Fig. 2A). As a complementary approach, we preformed the reverse
approach of subjecting extracts of these transfected cells to immunoprecipitation with anti-
GFP antibodies or non-specific IgG (negative control), followed by Western blot using anti-
RanGAP1 antibodies (Figure 2B). The results of these experiments both indicate that
RanGAP1 and mel-18 proteins expressed in cells do interact.

Although it has been described that RanGAP1 remains SUMO modified during mitosis [19],
it is still unclear whether the SUMO level is changed during this part of the cell cycle. Our
previous finding showed that increased sumoylation of HSF2 in mitosis is coupled with
decreased interaction between HSF2 and mel-18, so we hypothesized that RanGAP1 may also
exhibit mitotic-dependent regulation of its sumoylation, which might be associated with
different interaction level with mel-18 during this stage of the cell cycle. As a first test of this
hypothesis, extracts of asynchronous or mitotic HEK 293 cells were immunoprecipitated using
anti-RanGAP1 antibodies or non-specific IgG and the immunoprecipitates were subjected to
Western blot using anti-SUMO-1 antibodies (top panel) or anti-RanGAP1 antibodies (middle
panel) (Figure 3A). The results of this experiment indicate that sumoylation of RanGAP1 is
decreased during mitosis.
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Next, we wanted to determine whether this mitotic-dependent decrease in RanGAP1
sumoylation is associated with increased interaction between mel-18 and RanGAP1 during
this part of the cell cycle, as predicted by our hypothesis. To test this, HEK 293 cells were
transfected with GFP-mel-18 expression constructs, and then extracts of asynchronous or
mitotic transfected HEK 293 cells were immunoprecipitated using anti-RanGAP1 antibodies
and the immunoprecipitates subjected to Western blot using anti-GFP antibodies. The results
of this experiment indicate that higher levels of interaction between RanGAP1 and mel-18 are
indeed observed in extracts of mitotic cells compared to those of asynchronous cells (Figure
3B).

The mel-18 protein contains a RING finger domain in its N-terminal region [20–22]. To test
whether this RING domain is important for the ability of mel-18 to interact with RanGAP1 or
inhibit RanGAP1 sumoylation, we made mutant GFP-mel-18 plasmids with a RING finger
deletion (RINGΔ) or cysteine-to-glycine substitutions at key cysteine residues 53 and 56 of
the RING domain (C53G, C56G). First, to test the importance of the RING finger for mel-18
interaction with RanGAP1, HEK 293 cells were transfected with the wild type or mutant
(RINGΔ, C53G, or C56G) GFP-mel-18 constructs along with the myc-SUMO-1 expression
plasmid, and then extracts of the transfected cells were subjected to immunoprecipitation using
anti-RanGAP1 antibodies or non-specific IgG followed by Western blot of the
immunoprecipitates with anti-GFP antibodies (Fig. 4A). The results indicate that none of the
RING finger mutations appear to affect mel-18 interaction with RanGAP1. To examine their
effect on RanGAP1 sumoylation, HEK 293 cells transfected with these constructs along with
the myc-SUMO-1 expression plasmid were subjected to immunoprecipitation using anti-
RanGAP1 antibodies or non-specific IgG, followed by Western blot of the immunoprecipitates
with anti-myc antibodies to detect sumoylated RanGAP1. The results, shown in Figure 4B,
indicate that deletion of the RING domain or mutation of cysteines 53 or 56 also has no effect
on RanGAP1 sumoylation.

Discussion
The results presented in this paper show that mel-18 not only acts as an anti-SUMO E3 factor
for the HSF2 protein, but for RanGAP1 as well. This finding increases the likelihood that
mel-18 regulates the sumoylation of other, as-yet-undiscovered cellular proteins. Indeed, our
previous results indicated that there are many sumoylated bands on SDS-PAGE gels whose
amounts change significantly in response to changes in mel-18 level, indicating that mel-18
may in fact regulate the sumoylation of a large number of proteins. Thus, one important goal
of future studies is to identify these other targets whose SUMO modification is modulated by
mel-18. Mel-18 is known to act as a tumor suppressor, and so it would be particularly exciting
if it was found to regulate the sumoylation of cellular proteins involved in the control of cell
proliferation.

Another intriguing finding of this paper is that the cell cycle-dependence of the interaction
between mel-18 and HSF2 vs. RanGAP1 are exactly the opposite of each other: HSF2
interaction with mel-18 decreases during mitosis, resulting in elevated HSF2 sumoylation, in
contrast to higher interaction of RanGAP1 and mel-18 and less RanGAP1 sumoylation during
this stage of the cell cycle. This suggests that there is a mechanism or mechanisms for
differentially controlling mel-18 interaction with partners in a mitosis-dependent manner.
Future studies into this area would likely reveal valuable insight into the regulation of the anti-
SUMO E3 function of mel-18.

Finally, our results indicate that the conserved RING finger motif of mel-18, found in its N-
terminal region [20–22], is not required for its interaction with RanGAP1 or its ability to inhibit
RanGAP1 sumoylation. Since the results of our previous study suggested that mel-18
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interaction with the SUMO E2 enzyme ubc9 is likely important for the sumoylation-inhibitory
function of mel-18 [15], this suggests that other regions of the mel-18 protein are involved in
binding RanGAP1 and ubc9. Future studies to identify these regions would reveal important
new functional domains of the mel-18 protein.
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Fig. 1. Mel-18 inhibits RanGAP1 sumoylation
(A) Purified mel-18 inhibits in vitro sumoylation of RanGAP1. 35S-labeled in vitro translated
T7-RanGAP1 Δ419 RanGAP1 fragment was subjected to in vitro sumoylation in the absence
of any additional purified proteins (lane 2), or in the presence of purified GST (lane 3) or GST-
mel-18 (lane 4). Samples were then analyzed by SDS-PAGE and autoradiography (top panel).
The anti-GST Western blot (lower panel) shows the relative amounts of GST-mel-18 or GST
that were added to the reactions in lanes 3 and 4 of the top panel, respectively. (B) Mel-18
inhibits sumoylation of RanGAP1 in vivo. HEK 293 cells were transfected with GFP-mel-18
or GFP expression constructs along with myc-SUMO-1 expression plasmid, and then extracts
of the cells were subjected to immunoprecipitation with anti-RanGAP1 antibodies or non-
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specific IgG (negative control), followed by anti-myc Western blot to detect the sumoylated
forms of RanGAP1, and to Western blot using anti-RanGAP1 antibodies. The cell lysates were
subjected to anti-GFP Western blot to analyze expression levels of GFP-mel-18 and GFP, and
to anti-β-actin Western as a loading control
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Fig. 2. RanGAP1 interacts with mel-18
(A) HEK 293 cells were transfected with GFP-mel-18 expression constructs, and then extracts
of the cells were subjected to immunoprecipitation with anti-RanGAP1 antibodies or non-
specific IgG (negative control), followed by anti-GFP Western blot to detect the interaction
between mel-18 and RanGAP1. (B) A similar experiment to that described in panel A was
performed, except that here the cell extracts were subjected to immunoprecipitation with anti-
GFP antibodies or non-specific IgG (negative control), followed by anti-RanGAP1 Western
blot.
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Fig. 3. Decreased RanGAP1 sumoylation and increased interaction between RanGAP1 and mel-18
during mitosis
(A) Sumoylation of RanGAP1 decreases during mitosis. Extracts of asynchronous or mitotic
HEK 293 cells were immunoprecipitated using anti-RanGAP1 (goat polyclonal) antibodies
and the immunoprecipitates subjected to Western blot using anti-SUMO-1 antibodies (top
panel) or anti-RanGAP1 antibodies (middle panel). The cell lysates were subjected to anti-β-
actin Western blot as a loading control (bottom panel). (B) Interaction between RanGAP1 and
mel-18 increases during mitosis. HEK 293 cells were transfected with GFP-mel-18 expression
constructs, and then extracts of asynchronous or mitotic transfected cells were
immunoprecipitated using anti-RanGAP1 antibodies or non-specific IgG and the
immunoprecipitates subjected to Western blot using anti-GFP antibodies (top panel). The cell
lysates were subjected to anti-β-actin Western blot as a loading control (bottom panel).
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Fig. 4. Ring finger domain of mel-18 is not required for its interaction with RanGAP1 or inhibition
of RanGAP1 sumoylation
(A) HEK 293 cells were transfected with GFP-mel-18 expression constructs (wild type, ring
finger deletion, C53G, or C56G mutations), along with the myc-SUMO-1 expression plasmid.
Extracts of the transfected cells were immunoprecipitated using anti-RanGAP1 antibodies or
non-specific IgG and the immunoprecipitates subjected to Western blot using anti-GFP
antibodies (top panel). (B) As in panel A, except that here the anti-RanGAP1 or non-specific
IgG immunoprecipitates were subjected to Western blot using anti-myc antibodies to examine
the levels of sumoylated RanGAP1. The anti-RanGAP1 immunoprecipitates were also
subjected to anti-RanGAP1 Western blot to normalize for levels of RanGAP1.
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