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Glial cell missing Drosophila homolog a (GCMa) is an essen-
tial transcription factor for placental development, which con-
trols the differentiation of the syncytiotrophoblast layer.
Although the activity of GCMa can be post-translationally reg-
ulated by protein phosphorylation, ubiquitination, and acetyla-
tion, it is unknown whether GCMa activity can be regulated by
sumoylation. In this report, we investigated the role of sumoy-
lation in the regulation ofGCMaactivity.Wedemonstrated that
Ubc9, the E2 component of the sumoylation machinery, specif-
ically interacts with the N-terminal domain of GCMa and pro-
motes GCMa sumoylation on lysine 156. Moreover, GCMa-me-
diated transcriptional activation was repressed by sumoylation
but was enhanced in the presence of the SUMO-specific prote-
ase, SENP1.The repressive effect of sumoylationonGCMa tran-
scriptional activity was attributed to decreased DNA binding
activity of GCMa. Furthermore, structural analysis revealed a
steric clash between the SUMO1 moiety of sumoylated GCMa
and the DNA-binding surfaces of GCMa, which may destabilize
the interaction between GCMa and its cognate DNA sequence.
Our study demonstrates that GCMa is a new sumoylation sub-
strate and its activity is down-regulated by sumoylation.

The multinucleated syncytiotrophoblasts covering placental
villi are essential for maternal-fetal exchange of gas and nutri-
ents. The placental glial cell missing Drosophila homolog a
(GCMa)2 transcription factor regulates expression of syncytin,
which is a fusogenic proteinmediating cell-cell fusion ofmono-
nucleated cytotrophoblasts to form syncytiotrophoblasts (1).

Because syncytiotrophoblasts undergo apoptosis, to maintain
the structural and functional integrity of placental villi, GCMa
very likely plays a pivotal role in regulation of syncytiotro-
phoblast formation. Indeed, GCMa activity is regulated by
post-translation modifications, which may in turn fine tune
the differentiation of syncytiotrophoblast. Recently, we have
demonstrated that CREB-binding protein directly interacts
with and acetylates GCMa in the activated cAMP/protein
kinase A signaling pathway (2). Acetylation of GCMa pro-
longs its protein stability with a concomitant increase in
transcriptional activity, whichmay provide an explanation of
why the cAMP stimulant, forskolin, enhances placental cell
fusion. Because acetylation is a reversible modification, sev-
eral histone deacetylases (HDAC1, -3, -4, and -5) have been
identified to mediate deacetylation of GCMa (3). On the
other hand, in vitro labeling experiments have also revealed
that GCMa is a phosphoprotein. Being phosphorylated,
GCMa can be targeted by the F-box protein, FBW2, and sub-
jected to protein degradation by the ubiquitin-proteasome deg-
radation system (4). Therefore, regulation of GCMa activity is
achieved at multiple levels by phosphorylation, acetylation,
deacetylation, and ubiquitination.
Sumoylation is a protein modification involving a covalent

conjugation of a polypeptide termed the small ubiquitin-like
modifier (SUMO) to lysine residues of target proteins (5, 6).
SUMO proteins are structurally related to ubiquitin and are
expressed as precursors that undergo proteolytic cleavage to
make the C-terminal glycine-glycine motif available for conju-
gation. At least threemammalian SUMOproteins, SUMO1, -2,
and -3 have been identified. SUMO2 and -3 share greater than
90% identity in amino acid sequence, whereas both are about
50% identical to SUMO1. Similar to ubiquitination, sumoyla-
tion is catalyzed by a set of enzymes, including E1-activating
enzyme (Aos1/Uba2 or SAE1/SAE2), E2-conjugating enzyme
(Ubc9), and E3 ligases. However, unlike ubiquitination, a con-
sensus sequence for SUMOmodification has been identified as
�KXE, where � is a large hydrophobic amino acid and K is the
site of SUMO conjugation (5, 6). Moreover, recombinant E1,
Ubc9, and SUMO are sufficient for ATP-dependent SUMO
modification of substrates in vitro. Consistent with this obser-
vation, structural studies have shown direct recognition of the
SUMO consensusmotif by the Ubc9 active site (7). Three types
of SUMO E3 ligases have been identified, including RanBP2,
the PIAS proteins, and Pc2. They exhibit different subcellular
localization patterns and may be important in regulating sub-
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strate recognition and enhancing sumoylation of substrates in
vivo. Interestingly, PIAS proteins can also function as transcrip-
tional coregulators. With no sumoylation involved, PIAS1 has
recently been shown to interact with and localize the Msx1
homeoprotein to the nuclear periphery, where Msx1 can
engage with and repress the expression of its target genes (8).
Awide spectrumof functional consequences of SUMOmod-

ification of protein has been reported, including modulation of
transcriptional activity, mediation of nuclear import, recruit-
ment of transcriptional regulators in nuclear domains, protec-
tion from ubiquitination, and regulation of mitosis (6). In addi-
tion, conjugation of SUMO can provide new interaction
surfaces to protein and facilitate proteolytic processing, respec-
tively. For instance, sumoylation of p300 and Elk1 facilitates the
recruitment of HDAC6 and HDAC2, respectively (9, 10).
Sumoylation in the N-terminal inhibitory domain of Sp1 pre-
vents proteolytic cleavage of this domain and hence represses
Sp1 transcriptional activity (11). On the other hand, phospho-
rylation may regulate the sumoylation of a substrate. A phos-
phorylation-dependent sumoylation motif of �KXEXXSP,
composed of a SUMO consensus site and an adjacent proline-
directed phosphorylation site, has been identified in several
transcription factors, including GATA-1 and MEF2 (12). It is
foreseeable that new SUMO substrates will be identified based
on the phosphorylation-dependent sumoylation motif.
Although protein phosphorylation, acetylation, deacetyla-

tion, and ubiquitination regulate GCMa activity, it remains
unknown whether GCMa activity can be regulated by sumoy-
lation. In this study, we investigated the role of sumoylation in
the regulation of GCMa activity. We demonstrated that the
Ubc9 protein specifically interacts with GCMa and promotes
GCMa sumoylation. Furthermore, the primary SUMO accep-
tor site was identified as lysine 156 in the N-terminal domain of
GCMa, which is also the interaction domain for Ubc9. Sumoy-
lation of GCMa repressed the transcriptional activity of GCMa.
This ismost likely due to a decrease in theDNAbinding activity
of GCMa, since protein modeling indicated that the SUMO1
domain can impose steric hindrance on the DNA-binding sur-
faces of GCMa.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The expression plasmids pHA-GCMa,
pGCMa-FLAG, pGal4-FLAG, and pGal4-GCMa-FLAG and its
deletion mutants have been described previously (2). The
K149R, K156R, K160R, and E158A mutants of pGal4-GCMa-
FLAG-(1–300) were constructed by site-directed mutagenesis
at lysine 149, lysine 156, lysine 160, and glutamic acid 158,
respectively. The K3R mutant harbors a combined mutation at
lysine 149, lysine 156, and lysine 160. pHA-GCMa-SUMO1 and
pSUMO1-GCMa-FLAG were constructed by inserting a
SUMO1 cDNA fragment in frame to the 3�-end of the HA-
GCMa and to the 5�-end of the GCMa-FLAG cDNA fragment,
respectively. To prevent desuomylation of the chimeric
SUMO1-GCMa-FLAG protein, the codons for the last two gly-
cine residues in the SUMO1 cDNA were changed to encode
two alanine residues. pUbc9-FLAG and -Myc, pPIAS2�-Myc,
and pSENP1-FLAGwere constructed by placing the respective
open reading frame cDNA tagged at the C-terminal with three

copies of FLAG or four copies of Myc under the control of
cytomegalovirus early promoter/enhancer. pUbc9-FLAG-dn
encodes a dominant-negative Ubc9 harboring a Cys93 3 Ser
mutation in its active site. pPIAS2�-Myc-C/S encodes a null
mutant PIAS2� harboring a Cys362 3 Ser mutation. pEGFP-
SUMO1 was constructed by cloning the wild type SUMO1
cDNA fragment (amino acids 1–97) into pEGFP-C1 (Clon-
tech). pEGFP-SUMO1-AA is similar to pEGFP-SUMO1 except
that the last two glycine residues were changed into two
alanine residues. A syncytin promoter fragment derived
from the 083M05 BAC clone was inserted into pE1bLUC to
generate p(27950/28314)LUC. The proximal GCMa-binding
site (pGBS, 28026–28033) in p(27950/28314)LUC was
deleted to generate p(27950/28314)LUC-�GBS. The reporter
construct, p(pGBS)4E1bLUC, has been described previously
(2). All constructs were verified by DNA sequencing using the
dideoxy chain termination method.
Cell Culture, Transfection, and Reporter Gene Assay—293T

and HeLa cells were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA) and maintained at
37 °C in HEPES-buffered Dulbecco’s modified minimal essen-
tial medium supplemented with 10% fetal bovine serum, strep-
tomycin (100 �g/ml), and penicillin (100 units/ml). JAR cells
and the BeWo-derived stable line expressing HA-GCMa were
maintained at 37 °C in F-12K medium supplemented with 15%
fetal bovine serum, streptomycin (100 �g/ml), and penicillin
(100 units/ml). For transient expression experiments, cellswere
transfected with the amounts of plasmids described in the fig-
ure legends using calciumphosphate-DNAcoprecipitation, the
TransIT LT1 reagent (Mirus, Madison, WI), or the Lipo-
fectamine 2000 reagent (Invitrogen). In addition, adjusted
amounts of the empty expression vector were added to main-
tain a constant amount of total DNA in each transfection assay.
For luciferase reporter assays, cells were harvested in the
reporter lysis buffer (Promega, Madison, WI) 48 h post-trans-
fection and analyzed as previously described (2).
Co-Immunoprecipitation, GST Pull-down Assay, and Inter-

action Domain Mapping—To study the interaction between
GCMa, Ubc9, and PIAS, 293T cells were cotransfected with the
indicated amount of pHA-GCMa, pUbc9-FLAG, and pPIAS2�-
Myc as described in the legend to Fig. 1A. 48 h post-transfection,
cells were harvested for immunoprecipitation and immuno-
blotting as previously described (2). The glutathione S-transfer-
ase (GST) fusion protein expression vector pGEX6P-1 (Amer-
sham Biosciences) was used for preparation of the GST-Ubc9
fusion protein in Escherichia coli strain BL21(DE3). Recombi-
nant GCMa-FLAG protein was prepared by the baculovirus-
insect cell expression system as previously described (1). To
study the physical interaction betweenGCMa andUbc9, 0.2�g
of GCMa-FLAG and 2.5 �g of GST or GST-Ubc9 were used for
GST pull-down experiments as previously described (3). To
map the interaction domain of GCMa for Ubc9, 293T cells
were transfected with pUbc9-Myc and pGal4-GCMa-FLAG
or its deletion mutants, followed by co-immunoprecipita-
tion analysis.
In Vivo and In Vitro Sumoylation Assays—To study GCMa

sumoylation in vivo, 293T cells were transfected with differ-
ent combinations of pHA-GCMa, pEGFP-SUMO1, pEGFP-
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SUMO1-AA, pUbc9-FLAG, pUbc9-FLAG-dn, pPIAS2�-Myc,
and pPIAS2�-Myc-C/S as described in the legend to Fig. 2A.
Detection of sumoylated GCMa was performed by immuno-
precipitationwithHAmAb and then immunoblotting withHA
or EGFP mAb. Sumoylation of GCMa in placental cells was
studied by transfecting HA-GCMa-expressing BeWo cells
with pEGFP-SUMO1 or pEGFP-SUMO1-AA, followed by
the above mentioned detection assay. In separate experi-
ments, HA-GCMa proteins in HA-GCMa-expressing BeWo
cells were immunoprecipitated byHAmAb, or the endogenous
GCMa proteins in JAR cells were immunoprecipitated by a
GCMa antibody (1). The immunoprecipitates were then sub-
jected to immunoblotting with a SUMO1 antibody (Invitro-
gen). For the in vitro sumoylation assay of GCMa, cytosolic
extracts of HeLa cells were prepared according to Kroll et al.
(13) and incubatedwith different combinations of recombinant
GCMa-FLAG, Ubc9, GST-SUMO1, and GST-SUMO1-AA at
30 °C for 2.5 h, followed by immunoblotting with FLAG mAb.
In a separate experiment, recombinant SUMO E1, SAE1/SAE2
(Boston Biochem, Cambridge, MA), and His-SUMO1 (Boston
Biochem) proteins were incubated with GCMa-FLAG and
Ubc9 for in vitro sumoylation assay of GCMa.
Mapping of the sumoylation acceptor site in GCMa was

first conducted by identification of its minimal domain sus-
ceptible to sumoylation. To this end, 293T cells were trans-
fected with the indicated combinations of pGal4-FLAG; pGal4-
GCMa-FLAG-(1–436), -(1–220), -(1–300), and -(300–436);
pEGFP-SUMO1; and pEGFP-SUMO1-AA as described in the
legend to Fig. 3A. The sumoylated domain was detected by
immunoprecipitation and immunoblotting with FLAG mAb.
The sumoylation acceptor site was further identified in HeLa
cells transfected with pEGFP-SUMO1 and wild type pGal4-
GCMa-FLAG-(1–300) or its site-specific lysine or glutamic
acid mutants, including K149R, K156R, K160R, K3R, and
E158A.
Protein Stability, EMSA, and DNA Pull-down Assay—Pro-

tein stabilities of HA-GCMa, HA-GCMa-SUMO1, GCMa-
FLAG, and SUMO1-GCMa-FLAGwere studied by transfecting
HeLa cells with pHA-GCMa, pHA-GCMa-SUMO1, pGCMa-
FLAG, and pSUMO1-GCMa-FLAG, respectively. 30 h post-
transfection, cells were pretreated with 75 �g/ml cyclohexi-
mide for 1 h and were harvested immediately or after a
continuous treatment of cycloheximide for an additional 1, 2, or
4 h for immunoblotting with HA or FLAG mAb. Band intensi-
ties were determined by densitometric analysis using an East-
man Kodak Co. DC290 zoom digital camera and Kodak 1D
image analysis software.
Preparation of recombinant MBP fusion proteins has been

described previously (2). MBP-GCMa-(1–167) fusion protein
contains theminimal domain ofGCMaessential forDNAbind-
ing. MBP-GCMa-(1–167)-SUMO1 fusion protein is a different
version of MBP-GCMa-(1–167) with an additional SUMO1
domain at its C terminus. EMSA experiments using the pGBS
oligonucleotide and the prepared MBP fusion proteins were
conducted as described previously (1). For the DNA pull-down
assay, a biotinylated oligonucleotide containing three copies
of the pGBS sense strand sequence was annealed with a com-
plementary oligonucleotide. The annealed oligonucleotide,

Biotin-(pGBS)3, was attached to streptavidin-conjugated
magnetic beads according to themanufacturer’s instructions
(Polysciences, Warrington, PA). The beads were then incu-
bated with an in vitro sumoylation reactionmixture containing
nonsumoylated GCMa-FLAG and His-SUMO1-conjugated
GCMa-FLAG in binding conditions similar to EMSA. After
extensive washing, the reactions were analyzed by immuno-
blottingwith FLAGmAb. Band intensities were quantifiedwith
the Kodak EDAS290 system described above. A previously
described wild type pGBS oligonucleotide and its mutant, Mut,
were used as competitors in the pull-down assay (1, 14).
Chromatin Immunoprecipitation (ChIP) Assay—Approxi-

mately 3 � 106 HeLa cells were mock-transfected or trans-
fected with different combinations of pLUC(27950/28314),
pLUC(27950/28314)-�GBS, pHA-GCMa, pHA-GCMaK156R,
pEGFP-SUMO1, and pEGFP-SUMO1-AA. 48 h post-transfec-
tion, cells were harvested for ChIP assays to study the effect of
sumoylation on in vivo association betweenGCMaandpGBS in
the syncytin promoter as previously described (1). In brief, the
associated HA-GCMa-DNA complexes were immunoprecipi-
tated by HA mAb-conjugated agarose beads and PCR-ampli-
fied for a specific region containing the pGBS sequence in the
syncytin promoter construct. Sequences of primers used for
PCR were 5�-CAGTGAACATAGACAGAAGTC-3� and
5�-TAGAATGGCGCCGGGCCTTTC-3�. PCR products were
analyzed on 2% agarose gels.
Protein Modeling—The model for the GCM motif (residues

14–167) of humanGCMa protein was constructed by a homol-
ogy-based modeling method using MODELER version 8.2
(Accelrys, San Diego, CA) based on the 2.9 Å resolution crystal
structure of the GCM motif of murine GCMa bound to its
octameric DNA target (Protein Data Bank code 1ODH) (15).
The GCM motifs of human and murine GCMa proteins share
93.5% amino acid sequence identity, and there are no gaps in
the sequence alignment. The coordinates of the SUMO1 mol-
ecule were obtained from the 2.1 Å resolution crystal structure
of human SUMO1 (residues 19–97) conjugated with thymine
DNA glycosylase (Protein Data Bank code 1WYW) (16). Before
performing the docking modeling, the structures of the GCM
motif and SUMO1 were optimized by energy minimization
using CHARMm (Accelrys). The potential energy during min-
imization was calculated using CHARMM22 force field param-
eters in a vacuum, and the solvent effect was estimated implic-
itly using the generalized Born model with smooth switching
function for the molecular surface. After 1000 minimization
steps using the steepest descent method followed by 1000 steps
with adopted basis Newton-Raphson algorithm, the quality of
the structures was evaluated by PROCHECK (17). The docking
of SUMO1 to GCM motif was conducted by using ZDOCK
(18). ZDOCK searched 2000 possible binding modes in the
translational and rotational space between the GCMmotif and
SUMO1 and evaluated each mode by shape complementarity,
desolvation free energy, and electrostatics energy. The complex
predicted as most probable was chosen as the template struc-
ture for making the model of GCM-SUMO1 chimeric protein
by energy minimization and the homology-modeling program
MODELER. MODELER assigned the coordinates of GCM and
SUMO domains in the chimeric protein from the GCM-
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SUMO1 complex structure and built the loop structure
between the two domains, which originates from the linker
sequence (serine-arginine) in the expression plasmid and from
the highly disordered N terminus (residues 1–18) of SUMO1.
The conformation of the SUMO1 C terminus was altered by
XtalView (19) in order to represent the possible SUMO1 con-
jugation state (i.e. conjugation of glycine 97 of SUMO1 with
lysine 156 of the GCM motif). The resulting model structure
was further energy-minimized and evaluated by PROCHECK.
Molecular visualization was prepared by PyMOL (available on
the World Wide Web).

RESULTS

Association of GCMa with Ubc9—To investigate the possi-
bility of GCMa being a substrate for sumoylation machinery,
we first examined whether GCMa interacts with Ubc9 and
PIAS proteins, two key components for substrate recogni-
tion in the sumoylation machinery. 293T cells were trans-

fected with different combina-
tions of pHA-GCMa, pUbc9-
FLAG, and pPIAS2�-Myc for
co-immunoprecipitation analysis.
As shown in Fig. 1A, a specific inter-
action between GCMa and Ubc9
was observed, whereas no interac-
tion between GCMa and PIAS2�
was observed. We also examined
the interaction between GCMa and
other PIAS proteins: PIAS1, -3, -2�,
and -y. However, these PIASs did
not interact withGCMa either (data
not shown). To characterize the
interaction between GCMa and
Ubc9 in vitro, we performed GST
pull-down experiments by incubat-
ing recombinant GCMa-FLAG pro-
teinwith recombinantGSTorGST-
Ubc9 protein. As shown in Fig. 1B, a
direct and specific interaction
between GCMa and Ubc9 was
observed. We further mapped the
interaction domains of GCMa for
Ubc9 by cotransfecting 293T cells
with pUbc9-Myc and a series of
pGal4-GCMa-FLAG plasmids en-
coding different proteins with the
Gal4 DNA-binding domain fused
with full-length or different regions
of theGCMapolypeptide. As shown
in Fig. 1C, specific interactions were
only detected betweenUbc9 and the
regions of amino acids 1–436 (full
length), 1–220, and 1–300 in
GCMa, suggesting that Ubc9 inter-
acts with the N-terminal domain of
GCMa. Similar mapping results
were also observed in HeLa cells
(data not shown). Taken together,

these results suggest that GCMa can be recognized by the
sumoylation machinery via its Ubc9 component and is there-
fore highly likely to be a sumoylation substrate.
In Vitro and in Vivo Sumoylation of GCMa—We next inves-

tigated whether GCMa can be sumoylated in vivo and in vitro.
We performed in vivo sumoylation assays by transfecting 293T
cells with different combinations of pHA-GCMa, pEGFP-
SUMO1, pEGFP-SUMO1-AA, pUbc9-FLAG, pPIAS2�-Myc,
and pPIAS2�-Myc-C/S, followed by immunoprecipitation and
immunoblotting with HA mAb. As shown in Fig. 2A, a band
corresponding to higher molecular mass GCMa protein was
detectedwhenGCMawas coexpressedwith EGFP-SUMO1but
not with EGFP-SUMO1-AA, which lacks the terminal Gly-Gly
motif for conjugation. Similar results were detected when
immunopurified GCMa was immunoblotted with an EGFP
mAb, suggesting that the higher molecular mass GCMa is the
sumoylated GCMa. The level of sumoylated GCMawas further
increased when GCMa was coexpressed with EGFP-SUMO1

FIGURE 1. In vivo and in vitro interaction between GCMa and Ubc9. A, GCMa interacts with Ubc9 but not
PIAS2�. 293T cells were transfected with 4 �g of pHA-GCMa, 2 �g of pUbc9-FLAG, and 2 �g of pPIAS2�-Myc.
48 h post-transfection, cells were harvested for interaction analysis by immunoprecipitation (IP) using HA mAb
and immunoblotting (IB) using FLAG, Myc, or HA mAb. The protein levels of Ubc9-FLAG and PIAS2�-Myc in
each transfection group were detected by immunoblotting using FLAG and Myc mAbs, respectively. Note that
the numbers on the left indicate the protein molecular mass markers in kilodaltons. B, GCMa directly interacts
with Ubc9 in vitro. 0.2 �g of recombinant GCMa-FLAG protein was incubated with 2.5 �g of recombinant GST
or GST-Ubc9 protein for GST pull-down analysis with immunoblotting using FLAG mAb. The input lane shows
the immunoblotting of the total GCMa-FLAG added in the assay. Coomassie Brilliant Blue 250 staining of
recombinant GST and GST-Ubc9 proteins is shown. C, identification of Ubc9-interacting domains of GCMa.
293T cells were transfected with 4 �g of pUbc9-FLAG alone or together with 8 �g of the indicated pGal4-GCMa-
FLAG plasmid encoding the full-length or truncated GCMa polypeptide. 48 h post-transfection, cells were
harvested for interaction analysis by immunoprecipitation using Myc mAb and immunoblotting using FLAG
and Myc mAbs, respectively. The levels of different Gal4-GCMa-FLAG polypeptides in each transfection group
were detected by immunoblotting using FLAG mAb.
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and Ubc9. In contrast, GCMa sumoylation was inhibited when a
dominant negativeUbc9was expressed in the similar assay condi-
tions (Fig. 2A). Interestingly, another band of higher molecular
mass GCMa was visibly detected in the presence of PIAS2� but
not its active site mutant (Fig. 2A), suggesting that PIAS2� may
further promote the degree of GCMa sumoylation.
To test whether GCMa can be sumoylated in placental cells,

we first used an HA-GCMa-expressing BeWo stable line for
transfection with pEGFP-SUMO1 and pEGFP-SUMO1-AA,
respectively. As expected, immunoprecipitation with HAmAb
followed by immunoblotting withHA and EGFPmAbs, respec-
tively, showed that HA-GCMa was conjugated with EGFP-
SUMO1 but not EGFP-SUMO1-AA (Fig. 2B). We then exam-
ined whether the HA-GCMa in the HA-GCMa-expressing
BeWo cells and the endogenous GCMa in the human tropho-
blast JAR cell line can be sumoylated by endogenous SUMO1.
Conjugation of HA-GCMa with endogenous SUMO1 was
detected in HA-GCMa-expressing BeWo cells subjected to
immunoprecipitation using HA mAb and then immunoblot-
ting using a SUMO1 antibody (Fig. 2C, upper panels). As a

control, no signals were detected when normal mouse IgG was
used for immunoprecipitation. Furthermore, sumoylation of
endogenous GCMa was detected in JAR, but not 293T, cells
subjected to immunoprecipitation using a GCMa antibody and
then immunoblotting using a SUMO1 antibody (Fig. 2C, lower
panels).
For in vitro characterization of GCMa sumoylation, recom-

binant GCMa-FLAG proteins were incubated with HeLa
extracts plus different combinations of recombinant Ubc9,
GST-SUMO1, and GST-SUMO1-AA. As shown in the left
panel of Fig. 2D, Ubc9 promoted sumoylation of GCMa-FLAG
only in the presence of GST-SUMO1 and not GST-SUMO1-
AA. In a separate experiment, recombinant SUMO E1 (SAE1/
SAE2) andHis-SUMO1 proteins were used to replace theHeLa
extracts and the GST-SUMO1 protein, respectively. As
expected, Ubc9 was able to promote sumoylation of GCMa-
FLAG in the presence of SAE1/SAE2 (Fig. 2D, right). Taken
together, these results suggest that GCMa is a bona fide sub-
strate for sumoylation machinery, and Ubc9 is sufficient to
mediate SUMOmodification of GCMa in vivo and in vitro.

FIGURE 2. In vivo and in vitro sumoylation of GCMa. A and B, sumoylation of GCMa in nonplacental and placental cells. A, 293T cells were transfected with the
indicated combination of 4 �g of pHA-GCMa and 2 �g of pEGFP-SUMO1, pEGFP-SUMO1-AA, pUbc9-FLAG, pUbc9-FLAG-dn, pPIAS2�-Myc, and pPIAS2�-Myc-
C/S. 48 h post-transfection, cells were harvested for consecutive immunoprecipitation and immunoblotting using HA and EGFP mAbs for detection of
sumoylated GCMa as described under “Experimental Procedures.” The arrows and arrowheads indicate singly and multiply sumoylated HA-GCMa, respectively.
The asterisk indicates a cross-reactive protein species. B, stable BeWo cells expressing HA-GCMa were transfected with 2 �g of pEGFP-SUMO1 or pEGFP-
SUMO1-AA. 48 h post-transfection, cells were harvested for GCMa sumoylation analysis as described in A. The arrow indicates sumoylated HA-GCMa.
C, HA-GCMa-expressing BeWo cells were subjected to immunoprecipitation with normal mouse IgG (mIgG) and HA mAb, respectively. In a separate experi-
ment, JAR and 293T cells were subjected to immunoprecipitation (IP) with GCMa antibody. The immunoprecipitates were then subjected to immunoblotting
(IB) using HA mAb, SUMO1, or GCMa antibody. The arrows indicate SUMO1-conjugated HA-GCMa and endogenous GCMa. Note that the endogenous free form
GCMa in JAR cells is masked by the heavy chain (HC) of IgG. D, sumoylation of GCMa in vitro. 100 ng of GCMa-FLAG was incubated with 250 ng of Ubc9 and 400
ng of GST-SUMO1 or GST-SUMO1-AA in the presence of 6 �g of HeLa extracts at 30 °C for 2.5 h (left). In a separate experiment, 200 ng of GCMa-FLAG was
incubated with 0.5 �g of SAE1/SAE2, 1 �g of Ubc9, and 5 �g of His-SUMO1 at 37 °C for 3 h (right). The reaction mixture was then subjected to immunoblotting
using FLAG mAb. The arrow indicates sumoylated GCMa-FLAG.
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Identification of the SUMOAcceptor Site in GCMa—Because
one major sumoylated GCMa species was detected in the anal-
yses above, we speculated that GCMa might contain a major
SUMO acceptor site. To identify this site, we first performed in
vivo sumoylation assays to map the minimal GCMa domain
susceptible to sumoylation. To this end, 293T cells were trans-
fectedwith different combinations of pEGFP-SUMO1, pEGFP-
SUMO1-AA, pGal4-FLAG, and a series of pGal4-GCMa-FLAG
plasmids encoding full-length or deletion mutant GCMa.
Sumoylation analysis revealed that sumoylation occurs in
the full-length GCMa and the amino acid regions 1–220 and
1–300 of GCMa but not in the Gal4 DNA-binding domain
and the amino acid region 300–436 of GCMa (Fig. 3A).
Therefore, theminimal GCMa domain susceptible to sumoyla-
tion is the N-terminal domain (amino acids 1–220) of GCMa.
Close scrutiny for the SUMO consensus modification motif in

the N-terminal domain of GCMa indeed revealed three potential
SUMOacceptor sites as lysine 149, lysine 156, and lysine 160 (Fig.
3B).Toverifywhich lysine residue(s) canbe sumoylated in vivo,we
generated GCMa mutants harboring a single or combined
lysine-to-arginine or aspartic acid-to-alanine mutation by site-
directed mutagenesis and tested these mutants in sumoylation
assays. As shown in Fig. 3B, the mutants (K149R and K160R)
harboring the lysine-to-arginine mutation at lysine 149 and
lysine 160, respectively, were susceptible to sumoylation. Con-

versely, no sumoylation was detected in the K156R mutant.
Moreover, mutation of the signature glutamic acid in the
SUMO consensus modification motif of lysine 156 into alanine
(E158A) also eliminated sumoylation on lysine 156 (Fig. 3B).
Taken together, these results indicate that lysine 156 is the
major SUMO acceptor site in GCMa.
Sumoylation Represses GCMa Transcriptional Activity—

Having verified that GCMa is a sumoylation substrate, we fur-
ther studied the functional consequence of GCMa sumoylation
in terms of transcriptional activation. HeLa cells were trans-
fected with different combinations of p(pGBS)4E1bLUC, pHA-
GCMa, pEGFP-SUMO1, pSENP1-FLAG, and pUbc9-FLAG-
dn. As shown in Fig. 4A, the luciferase activity directed by
p(pGBS)4E1bLUC was activated by GCMa. Moreover, the
observed GCMa-mediated transcriptional activation was
repressed when pEGFP-SUMO1 was cotransfected. Interest-
ingly, when a SUMO-specific protease, SENP1, or a dominant-
negative Ubc9 (Ubc9-dn) was coexpressed with GCMa, the
transcriptional activation mediated by GCMa was significantly
enhanced (Fig. 4A). To rule out any adversary effect of the bulky
EGFP moiety in EGFP-SUMO1 on the observed effect of
sumoylation, we also tested pHis-SUMO1 and pHA-SUMO1 in
similar transient expression experiments. In fact, similar results
were obtained using both constructs (supplemental Fig. 1).
Therefore, sumoylation very likely imposes a repression effect
on GCMa transcriptional activity. We were curious about
whether mutagenesis of the lysine 156 SUMO consensus mod-
ification motif of GCMa affects this repression effect. There-
fore, we tested the HA-GCMaK156R and -E158A mutants in
transient expression assays. As shown in Fig. 4B, the luciferase
activity stimulated by HA-GCMaK156R was higher than that
by the wild type HA-GCMa. Although SENP1 further enhanc-
ing GCMa activity was consistent with the study above, SENP1
did not significantly affect HA-GCMaK156R activity (p value�
0.103 by t test) (Fig. 4B). Because the change of glutamic acid
158 into alanine in HA-GCMaE158A eliminated its DNA bind-
ing activity (data not shown), similar functional characteriza-
tion of this mutant was not further pursued. Nevertheless, our
results suggest that sumoylation on lysine 156 represses GCMa
transcriptional activity, whereas prevention of sumoylation by
Ubc9-dn or desumoylation by SENP1 greatly enhances GCMa
transcriptional activity.
We also tested whether sumoylation regulates the pro-

moter activity of syncytin, a GCMa target gene. The GCMa-
expressing JAR cell line (supplemental Fig. 2) was transfected
with different combinations of p(27950/28314)LUC, p(27950/
28314)LUC-�GBS, pEGFP-SUMO1, and pUbc9-FLAG-dn.
The luciferase activity directed by p(27950/28314)LUC was
much higher than that by p(27950/28314)LUC-�GBS, which
contains a deletion of the pGBS site (Fig. 4C). This suggests that
endogenous GCMa is involved in stimulating the luciferase
activity directed by p(27950/28314)LUC. Interestingly, the
luciferase activity directed by p(27950/28314)LUC was
decreased or increased when pEGFP-SUMO1 or pUbc9-
FLAG-dnwas cotransfected (Fig. 4C). Conversely, the effects of
SUMO1 and dominant negative Ubc9 were less effective on the
luciferase activity directed by p(27950/28314)LUC-�GBS (Fig.
4C). Taken together, these results suggest that repression of

FIGURE 3. Characterization of GCMa sumoylation site. A, identification of
the GCMa minimal domain susceptible to sumoylation. 293T cells were trans-
fected with 4 �g of pGal4-FLAG or pGal4-GCMa-FLAG or its deletion mutant
plus 2 �g of pEGFP-SUMO1 or pEGFP-SUMO1-AA. 48 h post-transfection, cells
were harvested for sumoylation analysis as described under “Experimental
Procedures.” The asterisks indicate sumoylated wild type or mutant Gal4-
GCMa-FLAG. B, identification of the sumoylation acceptor site in GCMa. The
lysine residues of three potential sumoylation motifs in GCMa-(1–300) are
highlighted, and the signature glutamic acid residue in each motif is under-
lined. HeLa cells were transfected with 2 �g of pEGFP-SUMO1 and 4 �g of wild
type (WT) pGal4-GCMa-FLAG-(1–300) or its site-specific lysine-to-arginine or
glutamic acid-to-alanine mutant. 48 h post-transfection, cells were harvested
for sumoylation analysis as described under “Experimental Procedures.” The
arrow indicates sumoylated wild type or mutant Gal4-GCMa-FLAG-(1–300).
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syncytin promoter activity by sumoylation may be due to
GCMa sumoylation that decreases GCMa transcriptional
activity.
Sumoylation Decreases the DNA Binding Activity of GCMa—

We further investigated the molecular mechanism underlying
the repression ofGCMa activity by sumoylation.We first tested
whether sumoylation affects the half-life of GCMa protein. To
mimic GCMa sumoylation, we generated expression plasmids
encoding modified GCMa proteins, HA-GCMa-SUMO1 and
SUMO1-GCMa-FLAG,with SUMO1 linking to the C-terminal
of HA-GCMa and to the N-terminal of GCMa-FLAG, respec-
tively. Individual expression constructs for HA-GCMa,
HA-GCMa-SUMO1, GCMa-FLAG, and SUMO1-GCMa-
FLAG were transfected into HeLa cells, followed by treatment
without or with cycloheximide for different time periods in
order to determine their protein stabilities. As shown in Fig. 5A,
the half-lives for each protein were not significantly different
from each other, with values around 90 min after linear regres-
sion analysis. In addition, we also compared protein stabilities
of HA-GCMa and HA-GCMaK156R in HeLa cells. We
observed comparable levels of both proteins in HeLa cells
transfected with different amounts of expression plasmids

(supplemental Fig. 3). Moreover,
the half-lives for both proteins were
not significantly different from each
other (supplemental Fig. 3). There-
fore, sumoylation is unlikely to
change or shorten the half-life of
GCMa. On the other hand, we also
tested whether sumoylation affects
the cellular localization of GCMa by
immunohistochemistry in 293T,
BeWo, and HeLa cells transfected
with pHA-GCMa and pEGFP-
SUMO1. Coexpression of SUMO1
with GCMa did not significantly
change the nuclear distribution of
GCMa (supplemental Fig. 4).
Because lysine 156 is within the

DNA-binding domain of GCMa
(amino acids 1–167), we were curi-
ous whether sumoylation affects the
DNA binding activity of GCMa.We
therefore prepared recombinant
MBP-GCMa-(1–167) and MBP-
GCMa-(1–167)-SUMO1 for EMSA
analysis using an oligonucleotide
(pGBS) derived from the proximal
GCMa-binding site in the syncytin
promoter as probe. To compare the
binding efficiency of both proteins,
different amounts of unlabeled
pGBS oligonucleotide were used as
competitors in the analysis. Unla-
beled pGBS at a 5-fold molar excess
over the probe almost completely
blocked the interaction between
labeled pGBS and MBP-GCMa-(1–

167)-SUMO1 (Fig. 5B, right). Interestingly, the interaction
between labeled pGBS andMBP-GCMa-(1–167) was relatively
stable in the presence of this amount of unlabeled pGBS (Fig.
5B, left), showing that the binding efficiency of MBP-GCMa-
(1–167)-SUMO1 to pGBS was lower than that ofMBP-GCMa-
(1–167). In a separate study using a mutant MBP-GCMa-(1–
167) harboring the K156R mutation, the DNA binding activity
of this mutant was not significantly different from that of wild
type (data not shown).
Because recombinant GCMa-FLAG proteins can be

sumoylated in the presence of recombinant SUMOE1, Ubc9,
and His-SUMO1 proteins (Fig. 2D), we further tested the
DNA binding activity of sumoylated GCMa in vitro. To this
end, biotinylated pGBS fragments, Biotin-(pGBS)3, were
prepared and attached to streptavidin-conjugated magnetic
beads for a DNA pull-down assay of nonsumoylated and His-
SUMO1-conjugated GCMa-FLAG. We first determined the
optimal amount of GCMa-FLAG for the assay and found that
50 ng of GCMa-FLAG proteins is pertinent, because all of
the input GCMa-FLAG proteins bound to Biotin-(pGBS)3,
and no free-formGCMa-FLAG proteins were detected in the
supernatants after reaction (Fig. 5C, top). In addition, spe-

FIGURE 4. Sumoylation of GCMa represses its transcriptional activity. A, effect of sumoylation and des-
umoylation on GCMa-mediated transcriptional activation. HeLa cells were transfected with the different com-
binations of 50 ng of p(pGBS)4E1bLUC, 20 ng of pHA-GCMa, and 0.2 �g of pEGFP-SUMO1, pSENP1-FLAG, and
pUbc9-FLAG-dn. 48 h post-transfection, cells were harvested for luciferase reporter assays as described under
“Experimental Procedures.” Mean values and the S.E. obtained from four independent transfection experi-
ments are presented. B, sumoylation on lysine 156 decreases GCMa activity. HeLa cells were transfected with
different combinations of 50 ng of p(pGBS)4E1bLUC, 0.2 �g of pSENP1-FLAG, and 20 ng of pHA-GCMa and
pHA-GCMaK156R. 48 h post-transfection, cells were harvested for luciferase assay. Mean values and the S.E.
obtained from three independent transfection experiments are presented. C, repression of syncytin promoter
activity by GCMa sumoylation. JAR cells were transfected with different combinations of 0.1 �g of p(27950/
28314)LUC, 0.1 �g of p(27950/28314)LUC-�GBS, and 0.2 �g of pEGFP-SUMO1 and pUbc9-FLAG-dn. 48 h
post-transfection, cells were harvested for luciferase assay. Mean values and the S.E. obtained from three
independent transfection experiments are presented.
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cific interaction between GCMa-FLAG and Biotin-(pGBS)3
was observed because a wild type pGBS oligonucleotide, but
not its mutant, Mut, competed out the association between

GCMa-FLAG and Biotin-(pGBS)3 (Fig. 5C, middle). To test
whether sumoylated GCMa-FLAG binds to pGBS, we per-
formed in vitro sumoylation reactions with GCMa-FLAG,

FIGURE 5. Characterization of the repressive effect of sumoylation on GCMa activity. A, sumoylation does not significantly affect GCMa protein stability.
HeLa cells were transfected with 2 �g of pHA-GCMa, pHA-GCMa-SUMO1, pGCMa-FLAG, or pSUMO1-GCMa-FLAG. 30 h post-transfection, cells were treated
with cycloheximide for different time periods for protein stability analysis as described under “Experimental Procedures.” Mean values and the S.E. obtained
from two independent transfection experiments are shown. B and C, sumoylation inhibits the DNA binding activity of GCMa. EMSA was performed using 2 ng
of radiolabeled pGBS oligonucleotide and equal molar MBP fusion proteins (300 ng of MBP-GCMa-(1–167) and 350 ng of MBP-GCMa-(1–167)-SUMO1) plus or
minus unlabeled pGBS as a competitor. The arrow and arrowhead indicate the complex between pGBS and MBP-GCMa-(1–167) and the complex between
pGBS and MBP-GCMa-(1–167)-SUMO1, respectively. For DNA pull-down assay of GCMa-FLAG, biotinylated pGBS fragments, Biotin-(pGBS)3, were attached to
streptavidin-conjugated magnetic beads and then incubated with the indicated amount of recombinant GCMa-FLAG protein. Association between pGBS and
GCMa-FLAG was detected by immunoblotting with FLAG mAb. The supernatants after pull-down reactions were precipitated by trichloroacetic acid (TCA) and
immunoblotted with FLAG mAb to detect the free-form GCMa-FLAG in the supernatants. Mock, streptavidin-conjugated magnetic beads only. For competition
analysis, 50 ng of GCMa-FLAG was preincubated with the indicated amount of wild type pGBS or mutant Mut oligonucleotide, followed by the addition of
Biotin-(pGBS)3-attached beads and immunoblotting with FLAG mAb. 200 ng of GCMa-FLAG was subjected to in vitro sumoylation in the presence or absence
of SUMO E1 as described in the legend to Fig. 2D. One-fourth of each reaction mixture was incubated with Biotin-(pGBS)3-attached beads for pull-down analysis
of nonsumoylated GCMa-FLAG and His-SUMO1-conjugated GCMa-FLAG. The percentages indicate the ratios between the intensity of the His-SUMO1-
conjugated GCMa-FLAG band and the summed intensities of nonsumoylated and His-SUMO1-conjugated GCMa-FLAG bands. The arrow indicates
His-SUMO1-conjugated GCMa-FLAG. D, sumoylation inhibits the association of GCMa and the pGBS site in syncytin promoter. HeLa cells were transfected
with different combinations of 2 �g of pHA-GCMa, pEGFP-SUMO1, pEGFP-SUMO1-AA, 1 �g of p(27950/28314)LUC, and p(27950/28314)LUC-�GBS (top) or
with different combinations of 2 �g of pHA-GCMa, pHA-GCMaK156R, pEGFP-SUMO1, and p(27950/28314)LUC (bottom). Schematic representation of the
syncytin promoter constructs is shown. 48 h post-transfection, cells were harvested for analyses of interaction between HA-GCMa and pGBS by ChIP assays, as
described under “Experimental Procedures.” Input chromatin represents a portion of the sonicated chromatin prior to immunoprecipitation.

Regulation of GCMa Activity by Sumoylation

27246 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 37 • SEPTEMBER 14, 2007

 at N
ational T

aiw
an U

niversity on June 18, 2009 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


Ubc9, and His-SUMO1 in the presence or absence of SUMO
E1. Based on densitometric analysis, 17.5% of the input
GCMa-FLAG was conjugated with His-SUMO1 in the reac-
tion containing SUMO E1 (Fig. 5C, bottom). When this reac-
tion mixture was incubated with Biotin-(pGBS)3, the
retrieved His-SUMO1-conjugated GCMa-FLAG only occu-
pied 1.1% of the total retrieved GCMa-FLAG (Fig. 5C, bot-
tom). Because the level of retrieved nonsumoylated GCMa-
FLAG was comparable with that of the input nonsumoylated
GCMa-FLAG, these results indicate that sumoylated GCMa-
FLAG was not proportionally pulled down and suggest that
sumoylated GCMa-FLAG has a decreased DNA binding
activity.
To confirm the aforementioned inhibitory effect of sumoy-

lation in vivo, we performed ChIP assays in HeLa cells trans-
fected with different combinations of p(27950/28314)LUC,
p(27950/28314)LUC-�GBS, pHA-GCMa, pEGFP-SUMO1,
and pEGFP-SUMO1-AA. As shown in the upper panel of Fig.
5D, specific interaction between HA-GCMa and the pGBS site
in p(27950/28314)LUC was detected. Interestingly, this inter-
action was significantly reduced in the presence of EGFP-
SUMO1 but not EGFP-SUMO1-AA. As a control, no interac-
tion between HA-GCMa and the pGBS-deleted syncytin
promoter in the p(27950/28314)LUC-�GBS was detected.
More importantly, the decrease in the interaction betweenHA-
GCMa and pGBSmay be attributed to the effect of sumoylation
on lysine 156, because the interaction betweenHA-GCMaK156R
and pGBSwas not affected in the presence of EGFP-SUMO1 (Fig.
5D, bottom). Taken together, these results suggest that sumoyla-
tionon lysine156 ishighly likely to reduce theDNA-bindingactiv-
ity of GCMa and therefore repress GCMa-mediated transcrip-
tional activation.
Because the three-dimensional structures of GCM motif

and SUMO1 are available, we further performed molecular

modeling to explore the molecular
mechanism underlying the re-
duced DNA-binding activity of
the GCM motif caused by sumoy-
lation. By docking SUMO1 to the
GCMmotif and using energy min-
imization, the top structures of
GCM-SUMO1 that were pre-
dicted to be most probable consis-
tently revealed that the space of
the SUMO1 moiety in the
SUMO1-conjugated GCM motif
partially overlaps with the DNA-
binding surfaces of GCM motif
(Fig. 6, A and B). The lysine 156,
positioned in the loop between the
�-sheet 7 and the helix 3 of GCM
motif (Fig. 6A), is highly accessible
to conjugation with the glycine 97
of SUMO1. These results, in con-
cert with the results of EMSA and
DNA pull-down assays above, sug-
gest that SUMO1 modification at
lysine 156 imposes steric hin-

drance on the DNA-binding surfaces of the GCM motif and
thereby reduces its DNA binding activity.

DISCUSSION

GCMa plays a pivotal role in the regulation of placental
development (20, 21). Specifically, GCMa can regulate the dif-
ferentiation, via cell-cell fusion, of mononucleated cytotropho-
blasts into amultinucleated syncytiotrophoblast layer that cov-
ers the surface of a placental villus. In this process, GCMa
up-regulates the expression of syncytin, a fusogenic protein
executing the cell-cell fusion event (1). To maintain the physi-
ological integrity of the placenta, the protein level of syncytin
and hence GCMa activity needs to be well controlled. It is fea-
sible that GCMa activity is regulated at multiple levels. Indeed,
GCMa is a phosphoprotein, and its protein level can be post-
translationally regulated by protein ubiquitination and acetyla-
tion (2, 4). In the present study, we provide evidence that
sumoylation negatively regulates GCMa activity by decreasing
its DNA binding activity. We demonstrated that Ubc9, the E2
subunit of sumoylation machinery, directly interacts with
GCMa at its N-terminal GCM motif. We also demonstrated
that GCMa can undergo SUMO modification and identified
lysine 156 as the major SUMO acceptor site in vivo. Further-
more, GCMa sumoylation represses its transcriptional activity,
most likely by blocking the interaction between theGCMmotif
and its cognate DNA element. In terms of physiological con-
text, we also demonstrated that GCMa-mediated syncytin pro-
moter activity was repressed or enhanced in the presence of a
high level of SUMO1 or dominant-negative Ubc9 protein in
placental cells.
Although several lysine residues and their flanking sequences

in GCMa are similar to the SUMOconsensus sequence,�KXE,
we identified the lysine 156 SUMO sequence, PKPE, as the
major SUMO acceptor site in GCMa. This observation is sup-

FIGURE 6. Protein modeling of sumoylated GCMa. A, ribbon representation of the model structure of
GCM-SUMO1 chimeric protein. The N-terminal GCM motif (green) of human GCMa was modeled using the
crystal structure of the GCM motif of murine GCMa as a template. The position and orientation of C-ter-
minal SUMO1 domain (orange) in the GCM-SUMO1 chimeric protein was placed based on the docking
prediction of SUMO1 to GCM domain by the program ZDOCK. The lysine 156 SUMO acceptor site is
depicted as sticks and labeled. B, ribbon representation of the GCM motif (green) of murine GCMa bound to
its cognate DNA (orange).

Regulation of GCMa Activity by Sumoylation

SEPTEMBER 14, 2007 • VOLUME 282 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 27247

 at N
ational T

aiw
an U

niversity on June 18, 2009 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


ported by the major SUMO1-modified GCMa species detected
by in vivo and in vitro sumoylation assays. In addition, a change
of glutamic acid 158 downstream of lysine 156 into alanine
abolished GCMa sumoylation, strongly suggesting that lysine
156 is a functional SUMO acceptor site in GCMa. Of note, a
proline residue occurs just before lysine 156, which may not
match the requirement for a large hydrophobic amino acid in
the SUMO consensus sequence. However, noncanonical
sumoylation sites with sequences quite different from the
SUMOconsensus sequence have been identified in several pro-
teins, such as PML, which has an AKCP sequence (22), and
Smad4, which has a VKYC sequence (23). Given that Ubc9
directly recognizes the �KXE sequence and extensive interac-
tions betweenUbc9 and sequences outside this SUMOconsen-
sus motif have been reported in the RanGAP1-Ubc9 complex
(7), structural flexibilities or E3 proteinsmay facilitate the inter-
action between Ubc9 and its target proteins to accommodate
variations in the lysine 156 SUMO sequence of GCMa and in
the reported noncanonical sumoylation sequences. On the
other hand, the possibility of minor SUMO acceptor site(s) in
GCMa cannot be ruled out, because an additional sumoylated
form of GCMa was observed in the presence of the SUMO E3
ligase, PIAS2�. In the Smad4 sumoylation studies, interest-
ingly, one study only identified lysine 159 as the SUMO accep-
tor site in Smad4 (24), whereas the two other studies identified
lysine 113 as an additional SUMOsite (23, 25). The reasonswhy
different conclusions were reached are not clear; however, dif-
ferent assay conditions (e.g. different cell lines were studied)
may have led to different observations in these studies. In this
regard, identification of the minor SUMO site(s) in GCMamay
be facilitated by different or more sensitive assay conditions.
In the present study, repression of GCMa transcriptional

activity by sumoylation on lysine 156 was further attributed to
inhibition of its DNA binding activity. Based on the available
three-dimensional structures of the GCM-DNA complex and
SUMO1, we performed protein modeling using the GCMa-(1–
167)-SUMO1 chimeric protein to address this functional out-
come of GCMa sumoylation. In ourmodel, the SUMO1moiety
in theGCM-SUMO1complex partially overlapswith theDNA-
binding surfaces of the GCM motif. Although the GCMa-(1–
167)-SUMO1 chimeric protein was constructed with theN ter-
minus of SUMO1 fused with the C terminus of the GCMmotif,
we believe that this chimeric protein is able to mimic SUMO1
modification at lysine 156. Specifically, this is supported by the
fact that fusion of the highly disordered N terminus (residues
1–18) of SUMO1 with the C terminus of GCM motif still pro-
vided a flexible structure to allow a close interaction between
SUMO1 and the GCM motif such that the formation of an
isopeptide bond between glycine 97 of SUMO1 and lysine 156
of GCM motif is attainable (Fig. 6A). Therefore, the structural
model derived from theGCMa-(1–167)-SUMO1chimeric pro-
tein is highly likely to represent the conformation of the GCM-
SUMO1 complex. Sumoylation of several DNA-binding pro-
teins, including HSF2, TDG, and the TFIID subunit, TAF5, has
been shown to decrease their DNA binding ability. Sumoyla-
tion on lysine 82 in HSF2 is regulated by a loop in its DNA-
binding domain, which results in inhibition of theDNAbinding
activity of HSF2 (26). Similarly, sumoylation on lysine 14 in

TAF5 prevents TFIID binding to promoterDNA (27).Whether
sumoylation on HSF2 and TAF5 causes conformational
changes inhibiting their DNA binding activities is still an open
question. Interestingly, sumoylation on lysine 330 in the uracil/
thymine DNA glycosylase TDG induces a conformational
change by forming a protrudedhelix, which causes a steric clash
with the DNA backbone (16). Based on our EMSA, DNA pull-
down, and ChIP assays andmodeling analysis, here we propose
that the partial overlapped surfaces in GCMa for conjugated
SUMO1 and bound DNA may also cause a steric clash that
destabilizes the interaction between GCMa and its cognate
DNA sequence.
Syncytin-mediated cytotrophoblastic fusion is important for

syncytiotrophoblast formation. Our previous studies have indi-
cated that regulation of this fusion can be achieved by the cyto-
plasmic domain of syncytin (28) and by GCMa-mediated syn-
cytin gene expression (1) as well as by post-translational
modifications ofGCMa, such as acetylation and ubiquitination,
that increase and decrease the protein level of GCMa, respec-
tively (2, 4). In the present study, we further demonstrated that
GCMa activity can be regulated by sumoylation on lysine 156 in
its GCM motif, resulting in decreased DNA binding activity.
Therefore, GCMa sumoylation provides an additional measure
to down-regulate GCMa activity in the placenta andmay there-
fore help to maintain the physiological functions of the syncy-
tiotrophoblast layer.
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