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G2E3 is a putative ubiquitin ligase (E3) identified in a
microarray screen for mitotic regulatory proteins. It shuttles
between the cytoplasm and nucleus, concentrating in nucleoli
and relocalizing to the nucleoplasm in response to DNA dam-
age. In this study, we demonstrate that G2E3 is an unusual ubiq-
uitin ligase that is essential in early embryonic development to
prevent apopotic death. This protein has a catalytically inactive
HECT domain and two distinct RING-like ubiquitin ligase
domains that catalyze lysine 48-linked polyubiquitination. To
address in vivo function, we generated a knock-out mouse
model of G2E3 deficiency that incorporates a (3-galactosidase
reporter gene under control of the endogenous promoter. Ani-
mals heterozygous for G2E3 inactivation are phenotypically
normal with no overt change in development, growth, longevity,
or fertility, whereas G2E3 null embryos die prior to implanta-
tion. Although normal numbers of G2E3~/~ blastocysts are
present at embryonic day 3.5, these blastocysts involute in cul-
ture as a result of massive apoptosis. Using f3-galactosidase
staining as a marker for protein expression, we demonstrate that
G2E3 is predominantly expressed within the central nervous
system and the early stages of limb bud formation of the devel-
oping embryo. In adult animals, the most intense staining is
found in Purkinje cell bodies and cells lining the ductus defer-
ens. In summary, G2E3 is a dual function ubiquitin ligase essen-
tial for prevention of apoptosis in early embryogenesis.

The sequence and timing of events in the cell division cycle
are highly regulated to prevent aneuploidy and the develop-
ment of malignancies (1, 2), as well as to ensure normal embry-
onic development (3). Similarly, proteins that regulate the
response to and repair of damaged DNA are also essential in
maintenance of genomic integrity and normal development.
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Although many proteins involved in cell cycle regulation and
DNA damage signaling are known, we and others have con-
ducted studies to identify other molecules involved in these
processes (4—7). In our study, we identified about 50 genes that
were expressed in a G,/M-specific manner, many of which were
down-regulated in response to DNA damage. Many of these
genes have been shown to play a role in important cell cycle
events or checkpoints including cyclin B1 (8), PIk1 (9), Tome-1
(10), Aurora-A (11), Ube2Q2 (12), topoisomerase IIc, CENP-A
(13), Nuf-2R (14), and others. Because protein ubiquitination
plays an essential role in many aspects of cell cycle regulation
and checkpoint function, it is not surprising that many of the
genes identified in our study are thought to function in this
process. Included among these are an APC/C component
(Cdc20) (15, 16), an SCF component (Tome-1) (10), the ubiq-
uitin conjugating enzymes E2-EPF (17, 18), and UBE2Q2 (12),
and a putative ubiquitin ligase known as G2E3 (19).

G2E3 displays dynamic subcellular localization, concentrat-
ing within nucleoli but relocalizing to the nucleoplasm after
genotoxic stress (19). These data suggest a possible role for
G2E3 in regulation of mitosis and the response to DNA dam-
age. G2E3 has a C-terminal HECT (homologous to E6-associ-
ated protein C terminus) domain, a motif that typically func-
tions in ubiquitination. In addition, there are three N-terminal
zinc finger domains with varying similarity to both RING
(Really Interesting New Gene) and PHD (plant homeodomain)
domains. Many RING domains function as ubiquitin ligase cat-
alytic domains (20), and an increasing number of PHD domains
have this activity (21-25), although some controversy remains
about the appropriate designation of such domains as either
RING or PHD domains (26, 27). Until recently, all known ubig-
uitin ligases had a single E3 catalytic domain, but Mscl, an
Schizosaccharomyces pombe protein involved in checkpoint
function, was recently shown to have three ubiquitin ligase
domains (22).

Embryonic development is dependent on the coordinated
division of cells in the embryo that must be performed without
introduction of mutations in the genetic material. Therefore, it
is not surprising that molecules that regulate cell division and
checkpoint responses are among the most important proteins
in embryonic development. For example, inactivation of one or
more Cyclin or Cdk genes has been associated with a variety of
specific developmental abnormalities such as splenic and thy-
mic hypoplasia, cardiac anomalies, hematopoietic defects, neu-
ropathy, sterility, and death (reviewed in Ref. 28). Embryonic
lethality is associated with disruption of other single cell cycle
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regulatory genes including Emil (29), Cdk11 (30), and Cyclins
B1 (31) and A2 (32). Many proteins that regulate cell cycle
checkpoints are also important in embryonic development. For
example, mutations in both ATM and FANC proteins cause an
array of developmental abnormalities in individuals with ataxia
telangiectasia (33) and Fanconi anemia (34), as well as mice
harboring disruptions of the murine orthologs (35, 36). The
importance of DNA damage responses in embryonic develop-
ment is further emphasized by the embryonic lethality resulting
from disruption of Atr, Chk1, Brcal (an ubiquitin ligase), Brca2,
and Rad51 (37-42).

In this study, we have characterized the biochemical activity
of G2E3, demonstrating that it functions as an ubiquitin ligase
using two distinct catalytic domains. Furthermore, we have
generated G2E3 knock-out mice and shown that the protein is
essential in early embryonic development for prevention of
massive apoptosis leading to involution of blastocysts. Finally,
using B-galactosidase activity as a marker for expression of
G2E3, we showed that this gene is expressed in the developing
central nervous system and at lower levels at several other ana-
tomic locations. In summary, G2E3 is a dual function ubiquitin
ligase that performs an essential role in early embryonic devel-
opment by blocking apoptosis.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant G2E3 and E6-AP—Cysteine to
alanine mutations of G2E3 were generated in PHD/RING1
(C84A), PHD/RING?2 (C147A), PHD/RING3 (C258A/C261A),
and HECT (C666A) domains using standard PCR mutagenesis.
Mutant E6-AP (T842K/F844N) was also generated by PCR
mutagenesis. Wild-type and mutant cDNAs were cloned into
pFastBac-Flag-B, a vector derived from pFastBac"™-HT-B vec-
tor (Invitrogen) in which the His tag was replaced by 1XFLAG
tag (43) (generously provided by Dr. Henbing Wang). All con-
structs were sequenced to confirm that no unexpected muta-
tions were introduced during cloning. Recombinant bacmids
were generated and Sf9 cells were transfected using the Bac-to-
Bac baculovirus expression system (Invitrogen) according to
the manufacturer’s instructions. Sf9 cells expressing recombi-
nant protein were lysed using mammalian cell lysis buffer (50
mM Tris, pH 8.0, 5 mm EDTA, 100 mMm NaCl, 10 mm sodium
fluoride, 2 mm dithiothreitol, 1 mm NazVO,, 0.5% Nonidet P-40
and proteinase inhibitor mixture (Sigma)). The protein was
affinity purified using anti-FLAG M2-agarose beads. The beads
were washed three times with mammalian cell lysis buffer and
twice with buffer B (50 mm Tris, pH 8.0, 1 mwM dithiothreitol)
prior to elution with buffer B containing 400 mg/ml 3XFLAG
peptide (Sigma).

Ubiquitin Ligase Assay—FLAG-tagged G2E3 fusion proteins
were tested for ubiquitin ligase activity in an in vitro reaction.
Complete reactions contained 100 ng of human E1 (Boston
Biochem), 1 ug of E2 (UbcH1, UbcH2, UbcH3, UbcH5a,
UbcH?7, UbcHY, or UbcH10 (Boston Biochem)), His,-ubiquitin
(Boston Biochem), 1 ug of bacterial lysate (as a surrogate target
for ubiquitination), and 1 ug of recombinant FLAG-G2E3 or
mutant FLAG-G2E3. Assay buffer contained 50 mm Tris, pH
7.5, 2.5 mm MgCl,, 0.5 mm dithiothreitol, 300 um ATP, and 1X
Energy Regeneration System (Boston Biochem). In some cases,
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individual reaction components were omitted, as indicated.
Reactions were carried out at 30°C for 1.5 h followed by
quenching by boiling in an equal volume of 2X protein sample
buffer. SDS-PAGE and immunoblotting were performed as
previously described (12).

Generation of G2E3 Mutant Mice—The ES cell line RRM192,
derived from 129P2/Ola embryonic stem cells, was purchased
from BayGenomics. These cells were generated by electropora-
tion of the trapping construct pGTO01xf that contains the En2
splice acceptor upstream of cDNA encoding the -galactosid-
ase/neomycin resistance fusion protein. ES cells were cultured
without feeders in standard M15 medium and microinjected
into C57/BL6 blastocysts by the UAB Transgenic Mouse Facil-
ity. Four high percentage chimeric founder males were identi-
fied by coat color and mated with C57/BL6 females to establish
heterozygote animals.

To confirm the identity of RRM192 ES cells, reverse tran-
scriptase-PCR was performed. Total RNA was isolated from
cultured ES cells with TRIzol reagent (Invitrogen). cDNA was
generated by reverse transcription of 5 ug of total RNA with
Moloney murine leukemia virus reverse transcriptase. The first
round of nested PCR was conducted with primers exon13S1
(5'"-ATGGTGGTCCTTCGCCTGG-3') and B-galAS (5'-GACA-
GTATCGGCCTCAGGAAGATC-3') followed by another
PCR with exon13S2 (5'-CTCTACCAACTTTGGATGATGT-
ATCAGAC-3’) and B-galAS.

To determine the vector insertion site within intron 13, a
nested PCR approach was used to amplify and clone intron 13
from wild-type and mutant alleles. To clone wild-type intron
13, primers int13S1 (5'-AGGTGGGCATGGTTGAACATG-
3’) and int13AS1 (5'-ATGAAAGGCATGCAGCACCAC-3')
were used in an initial PCR followed by amplification with
primer pair int13S2 (5'-AGGCTTCAAGGGTAACCTAGAC-
TGC-3’) and int13AS2 (5'-CACTAGATGCAGTCTTAACT-
ATGGAGCC-3’). To clone the mutant allele, the primers
int13S1 and vecAS1 (5'-ACGGGTTCTTCTGTTAGTCCC-
AAC-3') were used in an initial PCR followed by amplification
using primers int13S2 and vecAS2 (5'-CTACATAGTTGGC-
AGTGTTTGGGG-3'). Each PCR was done with 30 cycles of
94.°C for 30 s, 52 °C for 30 s, and 72 °C for 2 min. Both PCR
products were cloned and sequenced.

Genotyping of Mice and Embryos—At weaning, mice were
genotyped by Southern blotting or PCR. For Southern blotting,
genomic DNA was prepared, digested with Pvull, and sepa-
rated by agarose gel electrophoresis. After transfer, membranes
were probed with a G2E3 exon 13 probe generated using
[**P]dCTP and Megaprime Labeling Kit (Amersham Bio-
sciences) according to the manufacturer’s instructions. The
wild-type and mutant alleles appear as bands of 6.7 and 2.4 kb,
respectively. For genotyping by PCR, genomic DNA was ampli-
fied using primers int13F1 (5'-AGGTAAGCATGCTAGATT-
TTAGAGAGTG-3') and int13R2 (5'-TCCCACAGGTTCCC-
CCC-3’). The wild-type allele generates a PCR product of 132
bp, whereas the mutant allele results in a 68-bp product.

Post-implantation embryos were genotyped by the above
described PCR strategy. Vaginal plugs were detected on day
E0.5 and embryos were harvested at E8.5, E10.5, or E12.5, and
dissected away from uterine tissues. Whole embryos were

JOURNAL OF BIOLOGICAL CHEMISTRY 22305



G2E3 Inactivation Causes Early Embryonic Lethality

digested in proteinase K followed by DNA isolation and PCR.
For pre-implantation blastocyst genotyping, lysis was per-
formed in 2 ul of genomic lysis buffer (20 mm Tris, pH 8.0, 100
mm KCl, 4 mm MgCl,, 0.9% Nonidet P-40, 0.9% Triton X-100,
and 300 ng/ml proteinase K) followed by heat inactivation of
the proteinase K. 1 ul of this lysate was used for nested PCR. For
the first PCR, int13F1 and int13R1 (5'-CCAATTCCCACAG-
GTTCCC-3’) were used with 30 cycles under the same condi-
tions as above. The second PCR was conducted with primers
int13F2 (5'-CATGCTAGATTTTAGAGAGTGGGGA-3') and
int13R2 for 35 cycles.

In some cases, blastocysts were subjected to microscopic
analysis prior to PCR genotyping. In these cases, the blastocysts
were washed with PBS and air dried prior to lysis in 15 ul of
genomic lysis buffer. A prolonged heat inactivation for 1 h at
90 °C served to heat inactivate the proteinase K and reverse the
fixation. Nested PCR was then performed using 3 ul of this
lysate.

Quantitative Real Time PCR—Total RNA was extracted
from livers or testes of G2E3"/~ heterozygotes and wild-type
littermates using TRIzol reagent according to manufacturer’s
recommendations. DNase treatment was used to eliminate
genomic DNA contamination and cDNA was synthesized with
the SuperScript III reverse transcriptase-PCR kit (Invitrogen).
A fragment of the murine G2E3 ¢cDNA was amplified using
SuperScript III Platinum qPCR kit (Invitrogen) and the primer
pair 5'-CGTCCAATTCACTCGGTAGCGGACG and 5'-CCA-
TCGTTGTTGCAGATTTACCA. Because these exon 15 and
16 primers are located downstream from the 3-geo insertion
site, no amplified product should be produced from the mutant
transcript. B-Actin was amplified as an internal control. Rela-
tive gene expression was calculated from AAC(t) values derived
from triplicate determinations of each sample and plotted with
standard deviation.

Blastocyst Culture and Staining—To obtain embryonic day
3.5 blastocysts, G2E3"~ females were super-ovulated using
pregnant mare’s gonadotropin (5-7.5 IU/mouse) and hCG
(human chorionic gonadotropin, 5-7.5 IU/mouse) and mated
with G2E3%/~ males. On E3.5, uterine horns were flushed with
M2 medium (Millipore) and individual blastocysts were harvested
for either genotyping or culture. Blastocysts isolated for culture
were plated in 24-well plates in 0.5 ml of ES cell medium prepared
by supplementing Dulbecco’s modified Eagle’s medium with 20%
fetal bovine serum, 2 mm L-glutamine, 1% B-mercaptoethanol, 1
mM sodium pyruvate, 0.1 mm nonessential amino acids, and 1000
units/ml LIF (Chemicon). For analysis of proliferation, cells were
photographed daily using an inverted Nikon phase-contrast
microscope. Blastocysts undergoing involution were harvested
after 4 days in culture. The remaining blastocysts were harvested
after 7 days in culture. Genotyping for all blastocysts was per-
formed by PCR as described above.

To perform TUNEL (TdT-mediated dUTP Nick-End Label-
ing) staining, blastocysts were first harvested and grown in cul-
ture as before. After 3 days in culture, some blastocysts were
treated with 300 nm doxorubicin (Sigma) overnight to serve as a
positive control for apoptosis. On day 4 of culture, the blasto-
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cysts were washed with PBS,? fixed in 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and rinsed with PBS.
TUNEL staining was performed using the DeadEnd Fluoromet-
ric TUNEL System (Promega) with minor modifications. The
blastocysts were pre-equilibrated in labeling buffer for 10 min
prior to labeling with the TdT enzyme and fluorescein isothio-
cyanate-dUTP. The reaction was stopped by addition of 2X
SSC and the blastocysts were washed with PBS prior to visual-
ization with a Nikon inverted fluorescence microscope.

To perform Annexin-V staining, blastocysts were harvested
at E3.5 and cultured for 3 days. Some blastocysts were treated
with doxorubicin (300 nm) overnight prior to Annexin-V stain-
ing to serve as positive controls. The medium was aspirated and
blastocysts were washed in PBS prior to staining with fluores-
cein isothiocyanate-Annexin-V (MBL International Corpora-
tion). Microscopic analysis was performed as before.

B-Galactosidase Staining of Mouse Embryos—Embryos were
harvested from timed pregnant female mice at the indicated
day following detection of a vaginal plug and washed in PBS.
Embryos were then fixed in LacZ fixative (1% formaldehyde,
0.2% glutaraldehyde, 2 mm MgCl,, 5 mm EGTA, 0.02% Nonidet
P-40 in PBS) for 1 h at 4 °C. Three 20-min washes were con-
ducted in PBS. Embryos were stained in LacZ staining solution
(5 mMm potassium ferricyanide, 5 mm potassium ferrocyanide, 2
mM MgCl,, 0.01% sodium deoxycholate, 0.02% Nonidet P-40, 1
mg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-gal) in PBS) in the dark overnight at 37 °C. Embryos were
then washed and stored in PBS. For adolescent tissues, 4-week-
old heterozygous mice were sacrificed and the indicated organs
were dissected and stained as described above. For histological
sections, LacZ-stained embryos were embedded in paraffin or
snap frozen in OCT, sectioned, and stained with Nuclear Fast
Red (Vector Laboratories). Slides were mounted with per-
mount (Fisher).

RESULTS

G2E3 Is a Dual Function Ubiquitin Ligase—G2E3 has four
domains that might function in ubiquitin ligation including
three RING-like domains in the N-terminal half of the protein
and one HECT domain in the C terminus, shown schematically
in Fig. 14 and in a previous publication (19). Because all three
RING-like domains share some similarity to both PHD and
RING domains, we refer to them collectively as PHD/RING
domains and specifically as G2E3P"P/RINGD (residues 81-127),
G2E3PHP/RING? (residues 144-192), and G2E3("HP/RING3)
(residues 238-285). G2E3(PHP/RINGD ¢ most similar to the
PHD domain consensus, G2E3FHP/RING2) i most similar to
the prototypic RING domain, and G2E3"HP/RING3) matches
the consensus sequence for both domains poorly. To test
whether G2E3 could function as an ubiquitin ligase in vitro, we
prepared FLAG-tagged G2E3 using a baculovirus expression
system. This recombinant protein was tested for its ability to
ubiquitinate surrogate target proteins (a bacterial lysate) in a
reaction with one of several different E2s (ubiquitin-conjugat-
ing enzymes), and epitope-tagged ubiquitin. G2E3 is very active

3 The abbreviations used are: PBS, phosphate-buffered saline; CNS, central
nervous system; E, embryonic.
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FIGURE 1. G2E3 functions as an ubiquitin ligase. A, a schematic diagram of G2E3 shows three domains similar

to both PHDs and RINGs as well as a C-terminal HECT domain. B, recombinant

G2E3-FLAG was prepared and ~ With seven of about 40 known E2s

purified using a baculovirus expression system. The ability of G2E3-FLAG to mediate polyubiquitination was  (Fig. 1B), it is conceivable that PHD/
tested using His-ubiquitin, E1, and one of several E2s as indicated. After incubation at 30 °C for 1.5 h, the :

reaction was denatured in SDS-PAGE loading buffer, separated by SDS-PAGE, and subjected to immunoblot- RI,NGl ar?d/o.r HECT domains could
ting with an anti-His antibody. C, ubiquitination reactions were performed as before using His-ubiquitin, E1, still function in the process of pro-

UbcH5a, and G2E3-FLAG (first lane). Similar reactions with a single reaction c

performed. Polyubiquitination was detected using immunoblotting for anti-His.

in catalyzing polyubiquitination in concert with UbcH5a (Fig.
1B, upper panel). Very little or no activity is observed with
UbcH1, UbcH2, UbcH3, UbcH7, UbcHY9, or UbcH10. The
recombinant G2E3 is completely converted to higher molecu-
lar weight forms in the reaction with UbcH5a, indicating that
the protein is autoubiquitinated (Fig. 1B, lower panel). We next
tested whether all reaction components were required for G2E3
to function as an ubiquitin ligase. Using UbcH5a as the E2, no
polyubiquitination was observed if either ubiquitin, E1, E2, or
G2E3-FLAG was excluded from the reaction mixture (Fig. 1C),
indicating that the ubiquitination we observed is dependent on
all components of the ubiquitination cascade. Polyubiquitina-
tion does not require inclusion of the bacterial lysate, again
demonstrating that G2E3 is capable of autoubiquitination in
vitro, as previously observed for many other E3s (examples
include those described in Refs. 44 —47).

Because there are four potential ubiquitin ligase domains in
G2E3, we made recombinant mutated versions of the protein to
define the domain(s) responsible for ubiquitination. Cysteines to
be mutated were chosen based upon homology to other PHD and
RING domains. A schematic representation of each mutant is
shown in Fig. 24 with a bold X indicating domains inactivated by
point mutation. For example, one mutant (PHD/RING1-only) has
C — A (cysteine to alanine) mutations to inactivate PHD/RING2,
PHD/RINGS3, and HECT domains. Similar mutants have point
mutations that inactivate all domains other than PHD/RING2
(PHD/RING2-only mutant), PHD/RING3 (PHD/RING3-only
mutant), or the HECT domain (HECT-only mutant). The catalytic
activity of each of these mutants was compared with a negative
control mutant bearing mutations of all four domains (mutant 5C
— A) and positive control wild-type protein (Fig. 2B). In assays
using UbcHb5a as the E2, wild-type G2E3 has strong ubiquitin
ligase activity (Fig. 2B, lane 6), as expected. Strong E3 activity is also
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omponent omitted were also  tein mono- or polyubiquitination.
The high molecular weight smear
that we observed could be either
monoubiquitination at multiple sites or polyubiquitination at
one or more sites. To distinguish these two possibilities, we
repeated the ubiquitination assay using wild-type G2E3 and the
two active mutants (PHD/RING2-only and PHD/RING3-only)
along with His,-tagged wild-type ubiquitin, and either His,-
Ubiquitin®**® or His,-Ubiquitin®®*®, Ubiquitination by G2E3
and both mutants is unaffected by the use of Ubiquitin®** in
the assay (Fig. 2C), demonstrating that this reaction is not a
result of polyubiquitination on this lysine residue. In contrast,
ubiquitination by G2E3 and both mutants is completely abro-
gated by use of Ubiquitin“*** (Fig. 2C), indicating that both
domains polyubiquitinate by way of lysine 48 ubiquitin link-
ages. Therefore, G2E3 performs lysine 48-linked polyubiquiti-
nation using two distinct catalytic domains (PHD/RING2 and
PHD/RING3 domains).

HECT domains typically function as ubiquitin ligases,
although some HECT domain proteins may not have this cata-
lytic activity as a result of departures from the HECT consensus
near the C terminus of the domain (48). Our experimental data
suggest that the G2E3 HECT domain does not function asan E3
(Fig. 2B). Furthermore, the G2E3 HECT domain has numerous
amino acid residues that do not match the consensus sequence
in the E2 binding site (49) and in the C terminus of the domain
(48) that might explain this lack of activity. Perhaps more
importantly, the sequence near the active site cysteine in G2E3
diverges markedly from the consensus. The highly conserved
tripeptide sequence (TCX, where X is a hydrophobic residue) in
most HECT domains is poorly conserved in G2E3 from several
species (e.g. KCN in humans, KYR in mice, CDA in zebrafish).
To test the influence of these amino acid residues on the HECT
domain function, we prepared two versions of recombinant
E6-AP, a well characterized HECT E3 (44). The first of these
(referred to as E6-AP in Fig. 2D) is a N-terminal truncation of
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PHD/RING1-only

facilitate assignment of each to the
RING or PHD family and to identify
variations on the consensus

PHD/RING2-only

| sequence that do not eliminate cat-

PHD/RING3-only
Poly-

HECT-only proteins
5C—A

Wild-type

Ubiquitin WT K48R K63R

Lane 1 5 6 7 8 9

FIGURE 2. Two PHD/RING domains in G2E3 mediate Lys-48-linked polyubiquitination. A, several mutant
versions of G2E3 were prepared by point mutagenesis of cysteines to alanines as described under “Experimen-
tal Procedures.” The name for each mutant is based on the un-mutated active domain. For example, the
PHD/RING1-only mutant has mutations in all domains other than PHD/RINGT1 (i.e. mutations in PHD/RING2,
PHD/RING3, and HECT). The mutant name and a schematic of mutated domains are presented with a bold X
over inactivated domains. B, wild-type and mutant G2E3-FLAG molecules were assayed for ubiquitin ligase
activity. Wild-type G2E3 has robust ubiquitin ligase activity (lane 6), whereas the negative control (5C — A)
mutant is devoid of activity (lane 5). PHD/RING1-only and HECT-only mutants show no E3 activity (lanes T and
4, respectively) similar to the negative control. In contrast, both PHD/RING2-only and PHD/RING3-only mutants
have ubiquitin ligase enzymatic activity that is comparable with the wild-type protein (lanes 2 and 3, respec-
tively). C, wild-type G2E3 (lanes 1, 4, and 7) was compared with PHD/RING2-only (lane 2, 5, and 8) and PHD/
RING3-only (lanes 3, 6, and 9) mutants for the ability to mediate polyubiquitination using wild-type ubiquitin
(lanes 1-3), K48R-ubiquitin (lanes 4-6), and K63R-ubiquitin (lanes 7-9). D, wild-type E6-AP and E6-AP bearing
two point mutations (T842K/F844N) were produced as FLAG-tagged recombinant proteins using baculovirus.
The enzymatic activities of these two recombinant proteins were assayed in vitro using His-ubiquitin, E1,
UbcH5a, and bacterial lysate as a surrogate target for the polyubiquitination reaction. /B, immunoblot.

E6-AP containing the entire HECT domain (residues 545— 875
as numbered in NP_000453) and the second (referred to as
E6-AP(T842K/F844N) i Fig 9 D) differs only by the presence of
mutations replacing threonine 842 and phenylalanine 844 with
lysine and asparagine, respectively (the residues found in these
positions in human G2E3). Although wild-type E6-AP demon-
strated robust ubiquitin ligase activity (Fig. 2D), mutant
E6-AP(T842K/F84AN) ya g completely inactive. This demonstrates
that the residues surrounding the active site cysteine are impor-
tant for ubiquitin ligase function and further shows that the lack
of conservation of these residues in G2E3 prevents the domain
from functioning as an E3.

Several different sequence motifs have been identified as
ubiquitin ligase catalytic domains. The most prevalent of these
are the HECT domain (44) and the RING finger (20), a motif
with several different subtypes. Another motif identified with
E3 activity is the U-box (50), which has considerable similarity
to the RING finger. Finally, some PHD domains (another motif
that is similar to the RING) appear to function as E3s, but some
of these may be more correctly identified as RINGs. Because the
two ubiquitin ligase domains in G2E3 bear similarities to both
PHDs and RINGs, we performed sequence comparisons to
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ubiquitinated
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alytic activity. The second PHD/
RING domain from G2E3 most
closely matches the consensus for
RING domains. In Fig. 34, the
sequence of human (Hs) and
murine (Mm) G2E3(HP/RING2) 40
compared with other RING
domains including the classic
& C,HC, ubiquitin ligase from the
IAP1 and Cbl, the alternative
C;H,C; seen in ZNRF3 and
RNF126, and the much less com-
mon and more divergent C;XHC,
(represented by MEKK1 and the
hypothetical protein HO5L14.2) and
C,;XC, domains (represented by
Rbbp6 and Jumonji), where X is typ-
ically an asparagine or basic residue.
A variation on the RING domain
seen in some proteins, the C,HC,
RING variant (51), differs signifi-
cantly from other RINGs in amino
acid spacing so representatives with
this domain organization are not
included in this alignment.
G2E3(PHP/RING2) from most species
including human and mouse match
the C;XHC, structure well. RING
domains are similar to PHD
domains, which has caused ongoing
controversy about assignment of
some domains to one category or
the other (26,27, 52). In some cases, assignment to one category
may be confounded by the presence of another residue that
might serve as a zinc coordinating residue. For example, in
G2E3 and the other two C;XHC, RINGs shown in Fig. 34, a
cysteine (highlighted in green) could serve as the third (of eight)
zinc coordinating residue, thereby eliminating the role for the X
residue (shown in blue) in this process. In G2E3, its location
directly adjacent to the next zinc coordinating residue (see
human and mouse G2E3 in Fig. 34) makes it very unlikely that
this residue could contribute to zinc binding. In the absence of
three-dimensional structural data, these data strongly suggest
that G2E3PHP/RING2) i 3 bona fide RING domain using an
atypical residue in a position typically occupied by a cysteine or
histidine.

The third PHD/RING domain from G2E3 (G2E3(PHP/RING3))
matches the classic RING structure poorly. However, like
both PHD and RING-variant (51) domains, it has the C,HC,
organization of zinc coordinating residues and shares fea-
tures with both domains. Using SMART, we have aligned
several similar C,HC; PHD (Fig. 3B) and RING-variant
domains (Fig. 3C). Alignment between human (Hs) and murine
(Mm) G2E3®FHP/RING3) a5 other PHD proteins reveal conser-

siH:gl

ovid:al

SiH:gl

oviddl
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* for the domain from human and
A 1 2 34 5 6 7 8
Hs G2E3 (FHP/RINGZ) ETICLEFVEPIPTYNILQOSPEEKNAWFHRDELQVQAIN--AGVFFFRETLE some other species and the presence
Mm G2E3 (PHD/RINGZ) CTICLEFVEPIPTYNILQSPECKNAWFHRDCLQVQAIN--AGVFFFRCTLC £ 1 highl d id
Hs IAP1 CKVCMDKE--—-~ VSIVFIP-CGHLVVEKDCAPS——-———--—~ LRKCPIC J c.HC ol several highly conserved resiaues
Hs Cbl CKICAEND----- KDVKIEP-CGH-LMCTSCLTSWQE----— SEGQGCPEFC e highlighted in teal. The presence of
Hs ZNRF3 CAICLEKYI--DGEELRVIP-CTH-RFHRKCVDPWL-——-—— LOHHTCPHC J C,H,C inol min id  resid
Hs RNF126 CPVCKDDYA--LGERVRQLP-CNH-LFHDGEIVPWL-———-— EQHDSCPVC e a single a o ac esidue
Hs MEKK1 CPICLLGMLDEESLTVEEDG-CRN-KLHHHCMS INAEECRRNREPLICPLE 7 ¢ yHC, between cysteines 1 and 2 and the
Ce HOS5L14.2 CLICTEIIEE-AVETVT@DT-CTR-EYHYHCISRWL-——-—— KINSVCPQC f six (rather th th
Hs Rbbp6 CLICKDIM----- TDAVVIPCCGN-SYCDECIRTALL----~ SDEHTEPTE 7 c . xC, presence ol six (rather than the
At Jumonji CHQOCLKGER---ITLLICSE-CEKTMFCLQCIRKWYPNLSEDDVVEKCPLE otherwise completely conserved
seven) residues between cysteine 4
* * . . . . ey
B P 102 34 5 6 .18 and the histidine in position 5 are
Hs G2E3 (FHP/RING C-RCKEGRDYNAPDSKWEIKREQ--CEGSSGTHLACSSLRSW-——-— EQNFECLEC .
Mm G2E3 (FHD/RING) C-HCKKGRDYNEPNSKWEVKRCQ--SCGSSGTHLACSSLQSW-———— EQNYECLDC very atyplcal. Perhaps most
Sp Cti6 C-VCGIVESDDEASDGGLYIQ ——QCS—VWQHGNCVGFADE——SEVPEVEYCEIC importantly, the fourth zinc-coor-
Hs Ingl C-LENQV------- SYGEMIGCBNDECPIEWFHFSCVGLNHK - -~ -PKGKIYCPKC . . . . . .
Hs Jumonii C-LCQKA---———~ PAAPMIQQIS--T1CR-DAFHTSCVAVPST--SQGLRI[YLEPHC dinating cysteine residue in this
Ce Rbr2 C-SCLGFNK---SDDSESTLTCI--MCD-SEFHVRCCEWS PFLEKLPEGCHLCVRE alignment is not conserved in
Sp Mscl (F#?) C-FCRQP----—-- EAGMMIECE--LCH-EWYHAKCMKMSKKK-LRADEKJICPIC
Tr ALLIR CEHCKR----——--~ LGATIQCHAEGES-RFYHFPCSAASGSFQSMKQLLLLCPEH G2E3 from mouse and many other
species. An acidic residue found in
* * 4 H
almost all RING-variant domains
Cc 12 34 5 6 : e e
Hs G2E3 (FAP/RING) €R-EKEGRDYNAPDSKWE TKREQECERSG-THLAES SERST- - ~EQNW-----— ECLEC highlighted in pink is not found
Mm G2E3 (FHD/RING) CH-CKKGRDYNEPNSKWEVKRCQSCESG-THLACS SIQS|Y- - -EQNW-———-— ECLDC in GZES(PHD/RINGB) Therefore
MARCH2 CRICHE----- GANGECLLSPCGCTEMLGAVHKSC-~IEKILS SSNTS -~ ———~ YeELe (PHD/R'INGB) ¢
MARCH3 CRICHE----- GSSQEDLLSPCECTEAL.GTIHRSC-—EHILSSSNTS———-—~ YOIRLC whereas G2E3 clearly
MARCH4 CRICFQ----- GPEQGELLSPCRCDESVKCTHQPC- - TKT SERGCH-————— sciRLe s : P :
MARCH5 (Mitol) CWVCFAT--DEDDRTAEWVRPCRCRESTKWVHOAC - -ORWVDEKQRGNS TARVACPOC has .ublqultm ligase aCth.lty. (Fig.
MARCH6 (TEB4) CRVCRS----EGTPEKPLYHPCVCTESIKFIHQEC- -#VOWLKHSRKE -~~~ -~ YCELe 2B), it appears to be more similar to
MARCH8 (c-mir) CRICHC----EGDDESPLITPCHCTERLHFVHOAC- -OQUIKSSDTR-—-— -~ coLe

FIGURE 3. Comparison of G2E3(PHP/RING2) 5 q G2E3(PHP/RING3) domains with RING and PHD domains.
Domains are aligned with residues that are predicted to coordinate zinc are numbered and in red. These
residues are highlighted in gray (cysteines),yellow (histidines), or blue (other residues found at this position).

A, human (Hs) and murine (Mm) G2E3PHP/RING2) gre aligned with RINGs from

ZNRF3, RNF126, MEKK1, and Rbbp6 as well as Arabidopsis retinoblastoma binding protein 6 (At Rbbp6) and
hypothetical C. elegans protein (Ce H05L14.2). The first three and the last three zinc coordinating residues are all
cysteines, whereas the middle two are a combination of cysteines (C), histidines (H), or other (X) residues.

G2E3PHD/RING2) jg yary similar to the C;XHC, pattern like that seen in MEKKT and

in MEKK1 and HO5L14.2 that might be predicted to coordinate zinc according to the alternative RING consen-
sus are highlighted in green. Similar conserved cysteines in human and murine G2E3 are also highlighted in
green. The cysteine mutated in G2E3 to render PHD/RING2 inactive (C147) is indicated by an asterisk. B, human
(Hs) and murine (Mm) G2E3®PHP/RING3) are aligned with PHDs from human (Hs) Cti6 and Jumonji, C. elegans
retinoblastoma-related protein 2 (Ce Rbr2), S. pombe multicopy-suppressor of Chk1 (Sp Msc1), and Takafugu

rubripes ALL-1 related protein (ALLTR) domain proteins. The PHD from Msc1 is

conserved aromatic residue is yellow highlighted in teal. The two cysteines mutated to render PHD/RING3
inactive (Cys-258 and Cys-261) are indicated by asterisks. C, human (Hs) and murine (Mm) G2E
aligned with RING-variant domains from several known ubiquitin ligases from the membrane-associated RING-
CH1 family. Several conserved residues are in yellow and highlighted in teal. The cysteines mutated to render

PHD/RINGS3 inactive are again indicated by asterisks.

vation of zinc binding residues, the presence of an aromatic
residue (in yellow and highlighted in teal) at position —2 rela-
tive to the seventh zinc binding residue, and the presence of a
single residue between cysteines 1 and 2 of the domain, com-
mon in PHD domains. The spacing between several zinc coor-
dinating residues in G2E3""P/RING3) i ynusual, but in all cases,
a similar spacing pattern is found in some other PHDs (refer to
Fig. 3B). For example, the long spacing between coordinating
residues 2 and 3 is shared with Cti6, and the five (rather than the
typical four) residues between 4 and 5 and the relatively shorter
spacing between 6 and 7 are shared with Ingl. A conserved
acidic residue (highlighted in pink) that is frequently present in
PHDs is absent in G2E3PHP/RING3) and some other PHDs
including those from retinoblastoma-related protein 2 (Rbr2)
and ALL-1-related protein (ALL1R).

Although G2E3FHP/RING3) )50 share similarities with the
RING-variant domain (Fig. 3C) found in several members of the
MARCH (membrane associated RING-CH) protein family
(51), it also is significantly different from this version of the
RING. Shared features include the overall C,HC, arrangement
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the PHD consensus (Fig. 3B) than
the RING-variant consensus (Fig.
3C). However, unambiguous assign-
ment as a PHD (which infrequently
have E3 activity) or RING domain
(which usually have E3 activity) will
require three-dimensional struc-
tural analysis. Nonetheless, the cat-
alytic activity displayed by this
unusual domain demonstrates that
proteins that do not closely match
RING or PHD consensus sequences
may still have E3 activity.

The BayGenomics Clone RRM192
Specifically Targets the G2E3
Locus—To assess the in vivo func-
tion of G2E3, we have developed a knock-out mouse model of
G2E3 inactivation. We obtained commercially available ES cells
(BayGenomics clone RRM192) with an insertional mutation in
the G2E3 locus. Reverse transcriptase-PCR with primers spe-
cific for exon 13 of G2E3 and (-galactosidase allowed us to
clone a copy of the mutant cDNA. Sequencing confirmed that
the G2E3 gene was disrupted as reported by BayGenomics.

To determine the genomic insertion site, nested PCR was
performed using primers within exon 13 and antisense primers
annealing to the 5’ end of the insertion vector sequence. Using
genomic DNA from RRM192 cells as a template, a PCR product
similar to the expected size was generated, cloned, and
sequenced. We found that the insertion lies ~570 base pairs
downstream from the end of exon 13, disrupting the HECT
domain. We also found that 64 nucleotides from intron 13 just
upstream of the insertion were deleted in the mutant allele,
presumably as a result of the recombination event. A diagram in
Fig. 4A shows the domains of the G2E3 protein and the portion
of the HECT domain that is deleted by insertion between exons
13 and 14. Diagrams of the wild-type allele (Fig. 4A4), the target-

human (Hs) proteins IAP1, Cbl,

HO5L14.2. Conserved cysteines

a confirmed ubiquitin ligase. A

3(PHD/RING3) are
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F izing to the exon 13 probe (Fig. 4. A

PHD/ PHD/ PHD/
@ RINGLaaRING2 RING3, H E C T
132 bp
Pwull
—> <

Wild-type
(+) allele

Probe

and upper band in D), whereas the
mutant allele produces a 2.4-kb
band (Fig. 4, C and lower band in D).
The presence of the small (64 nucle-
otide) deletion in intron 13 also
allows screening by PCR, because

Pvull

6.7 kb

Vector backbone

the wild-type allele generates a
132-bp product (Fig. 4, A and upper
band in E) and a 68-bp product is

Gene trap P I

P p
vector 4{ (=2 | e =

generated by the mutant allele (Fig.
4, C and lower band in E).

68 bp
vl ——, Pul G2E3 Disruption Causes Massive
I?)Da(\:lrglgt En2 | B-galactosidase/neo Apoptosis and Early Embryonic
brobe Lethality—Following confirmation
o of the mutation in the RRM192 ES
@ E ' E @ cells, they were microinjected into
C57BL/6 blastocysts and implanted
- He e - A - . .
- I into the uteri of pseudopregnant
- 132bp ! l female mi o
ousipe emale mice. Four chimeric males
6.7 kb — ‘ . 68 bp 0G2E3(+-)

Relative mRNA expression

05 *‘
0 T

24kb—>

|

were identified by coat color and
were bred with C57BL/6 females to

Liver Testis

produce G2E3"'~ heterozygous

FIGURE 4. G2E3 gene disruption and identification of mutant alleles. A, G2E3 has three N-terminal PHD/
RING domains and a C-terminal HECT domain. Most of the HECT domain is deleted by the targeting construct
insertion between exons 13 and 14. The intron-exon organization of the 3’ end of the wild-type murine G2E3
geneis shown schematically. Pvull restriction sites are found in the 5’ end of exon 13 and in the intron following
exon 16. B, a schematic of the pGTO1xf trapping construct. A Pvull site is shown within the B-geo cDNA. En2,
engrailed 2 splice acceptor; neo, neomycin resistance gene. C, intron-exon organization of the 3’ end of the
trapped G2E3 allele. 64 bp are absent from intron 13 near the site of the insertion. D, Pvull-digested genomic
DNA from homozygous wild type (+/+) or heterozygous (+/—) mice were Southern blotted with a cDNA
probe to exon 13. The wild-type allele results in a band of ~6.7 kb, whereas the trapped allele generates a
2.4-kb DNA fragment. E, PCR of wild-type or heterozygous DNA using primers that flank the 64-bp deletion of
the trapped intron 13 allow determination of genotype. The wild-type allele generates a 132-bp fragment,
whereas the trapped allele generates a 68-bp fragment. F, quantitative PCR analysis of full-length G2E3 expres-
sion in wild-type or heterozygous mice. Primers to amplify a portion of exons 15 and 16 were used for the
quantitative PCR. The liver of female mice and the testes of male mice were used in this analysis. All 4 animals
were littermates. Expression of full-length G2E3 is decreased ~40% in the heterozygous mice. G, genomic DNA
was isolated from E3.5 blastocysts from heterozygous matings and PCR amplified by a nested PCR approach
described under “Experimental Procedures.” Homozygous mutant blastocysts were found to be in the same

animals. As an independent confir-
mation of the gene disruption, we
performed quantitative PCR on
RNA from G2E3"’" heterozygotes
and wild-type littermates. We found
that heterozygous animals express
~40% less G2E3 mRNA than wild-
type animals (Fig. 4F), consistent
with disruption of one G2E3 allele,
perhaps with some compensatory
increase in expression from the
remaining normal allele. Adult het-
erozygotes were fertile and had no

proportion as homozygous wild-type embryos indicating that G2E3~/~ blastocysts are viable at E3.5.

TABLE 1

Genotype distribution of offspring from G2E3*/~ intercrosses at
indicated stages

b
Age” Total (litters) Genotype
+/+ +/- —/=
E3.5¢ 37 7 (19%) 22 (59%) 8 (22%)
E85 34 (6) 11 (32%) 23 (68%) 0
E10.5 21 (3) 8 (38%) 13 (62%) 0
E12.5 15 (3) 4 (27%) 11 (73%) 0
3 weeks 196 (38) 62 (32%) 134 (68%) 0

“ Animals from heterozygous intercrosses were harvested at the indicated embry-
onic day or at 3 weeks after birth.

? Genotypes were determined by single PCR or Southern blot for post-implantation
embryos and 3-week-old mice and by nested PCR for E3.5 blastocysts as described
under “Experimental Procedures.”

¢ All blastocysts that were genotyped exhibited normal morphology.

ing vector (Fig. 4B), and the mutant allele (Fig. 4C) show the
arrangement of exons, Pvull sites used for screening, and the
location of the small deletion of intron 13 present in the mutant
allele. Southern blotting of genomic DNA digested with Pvull
allows distinction of wild-type and mutant alleles using an exon
13 probe. The wild-type allele produces a 6.7-kb band hybrid-
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apparent change in longevity. To
generate homozygous mutant mice,
we intercrossed heterozygous animals and genotyped offspring
at weaning. Surprisingly, no homozygous mutant animals were
found among the 196 mice analyzed. Although occasional peri-
natal deaths were observed, no homozygous knockouts were
identified among those animals. Wild-type and heterozygous
animals were found to occur at the 1:2 Mendelian ratio (32%
wild type, 68% heterozygous) expected for an embryonic lethal
phenotype (Table 1).

To determine the time at which lethality occurs, we set up
timed pregnancies and harvested embryos at three different
stages of development for genotyping. No homozygous mutant
animals were found as early as 8.5 days post-coitum. As shown
in Table 1, the ratios of wild-type to heterozygous mice at each
stage were maintained at ~1:2 (E12.5, 27% W, 73% heterozy-
gote; E10.5, 38% WT, 62% heterozygote; E8.5, 32% WT, 68%
heterozygote). We also noticed a lack of resorption sites from
E8.5 litters that are commonly seen in knock-out animals that
die following implantation, indicating that the homozygous
knock-out embryos likely die very early in development. To
assess whether embryos survive until the blastocyst stage, we
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Day 1

Day 2 Day 3

FIGURE 5. G2E3 null blastocysts fail to proliferate in culture and undergo involution. Blastocysts harvested
at E3.5 were cultured in ES cell medium and then photographed using phase-contrast microscopy daily for 4
days. Both wild-type (top row) and heterozygous blastocysts (middle row) continue to proliferate normally,
whereas G2E3 null blastocysts begin to appear overtly abnormal by day 3 in culture and have undergone nearly

complete involution by Day 4.

isolated E3.5 blastocysts and genotyped them by nested PCR, as
shown in Fig. 4G. Of 37 total blastocysts genotyped, 7 were
wild-type, 22 were heterozygotes, and 8 were homozygous
mutants. This approximates the expected 1:2:1 Mendelian ratio
indicating that homozygous G2E3 inactivation does not impair
viability at E3.5.

To define the defect leading to embryonic lethality, we cul-
tured blastocysts to determine whether G2E3 deficiency
impaired cell proliferation or viability. Blastocysts from timed
pregnancies were harvested at E3.5 and plated in ES cell
medium for blastocyst propagation. Twenty-five blastocysts
attached to cell culture wells and hatched from the zona pellu-
cida. Photomicrographs of blastocysts were obtained daily
beginning 1 day after plating (Fig. 5). No appreciable differences
were noted for the first 2 days of culture, but involution of seven
of the blastocysts was first noted on day 3. In involuted blasto-
cysts, almost all of the inner cell mass was lost by the fourth day
of culture, at which time the remaining cells were harvested for
genotyping. The surviving blastocysts were propagated for 3
additional days. There was no further blastocyst death during
that period, so these remaining cultured blastocysts were har-
vested at that time (7 days of culture) for genotyping. Of the 18
blastocysts that survived and proliferated through day 7 of cul-
ture, 7 were wild-type, 11 were G2E3"/", and none were
G2E3~'~. Of the seven blastocysts that failed to proliferate, six
were confirmed to be G2E3~'~ homozygotes, whereas the sev-
enth could not be genotyped because inadequate DNA was har-
vested. The proliferation of wild-type and heterozygous blasto-
cysts and the involution of the G2E3~/~ blastocysts is shown in
Fig. 5.

The abrupt demise of blastocysts in culture suggested that they
were dying as a result of apoptosis. To test this, we first analyzed
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Day 4 the blastocysts to determine whether
' the G2E3 '~ blastocysts were
TUNEL-positive, an  established
marker of apoptosis (53). Blastocysts
were harvested at E3.5 and cultured as
before. After 2 days in culture, some
blastocysts were treated with the
DNA damaging agent doxorubicin
(300 nm) to serve as a positive control
for apoptosis. Cells were fixed and
assayed for TUNEL status after a total
of 3 days in culture. As expected,
doxorubicin treatment caused a large
fraction of the cells in the blastocysts
to undergo apoptosis, as evidenced by
TUNEL-positivity (Fig. 64, bottom
row). Most untreated blastocysts
showed virtually no TUNEL-posi-
tive cells. Genotyping confirmed
that these TUNEL-negative blas-
tocysts were either wild-type or
heterozygous for the G2E3 knock-
out, as shown for representative
blastocysts in the first and second
rows of Fig. 6A. A fraction of
untreated blastocysts were overtly
TUNEL-positive despite having a markedly decreased inner
cell mass. Genotyping confirmed that these blastocysts were
homozygous knockouts, as shown for a representative
knock-out blastocyst in the third row of Fig. 6A. This result
demonstrates that complete inactivation of G2E3 leads to
embryonic lethality as a result of apoptosis prior to
implantation.

As an independent confirmation of the role of G2E3 in pre-
venting embryonic apoptosis, we performed Annexin-V stain-
ing of cultured blastocysts, another well established method of
identifying apoptotic cells (53). Blastocysts were harvested and
cultured as before. After 3 days of culture, the blastocysts were
stained with Annexin-V. As expected, the G2E3~/~ blastocysts
were Annexin-V positive similar to doxorubicin-treated posi-
tive controls, whereas wild-type and heterozygous blastocysts
were negative (Fig. 6B), confirming that G2E3 is required for
prevention of apoptotic death in early embryogenesis.

Because p53 plays a pivotal role in many apoptotic responses,
we considered the possibility that p53 might be required for
apoptosis initiated by G2E3 inactivation. We established dou-
ble heterozygotes for G2E3 and p53 (i.e. G2E3™'~p53™'~ mice)
to assess whether inactivation of p53 might rescue the lethal
phenotype associated with G2E3 inactivation. Despite many
interbreedings between several double heterozygotes, no
G2E3™'"p537/~ or G2E37'~p53™/~ were obtained (data not
shown). This suggests that cell death caused by G2E3 inactiva-
tion does not require p53.

G2E3 Is Expressed in the Developing CNS—Because homozy-
gous inactivation of G2E3 causes early embryonic death, we are
unable to examine its function later in development. Therefore,
analysis of expression in heterozygous mice is particularly
important to gain more information about potential functions
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FIGURE 6. G2E3 null blastocysts undergo apoptosis. A, blastocysts harvested at E3.5 were cultured for 3 days
and then fixed prior to TUNEL staining to identify apoptotic cells. As a positive control, blastocysts were treated
with doxorubicin overnight prior to staining. Blastocysts were analyzed by phase-contrast microscopy and
fluorescence microscopy to identify TUNEL-positive cells. After staining, PCR genotyping was performed. Wild-
type (+/+) and heterozygous (+/—) blastocysts showed almost no TUNEL-positive cells. In contrast, homozy-
gous knock-out (—/—) blastocysts showed TUNEL-positivity similar to doxorubicin-treated blastocysts. B, blas-
tocysts were harvested at E3.5 and cultured as before. After 3 days in culture, blastocysts were stained with
Annexin-V to identify apoptotic cells. After microscopic analysis using phase-contrast and fluorescence micros-
copy, PCR genotyping was performed. Almost no Annexin-V-positive cells were identified in wild-type (+/+)
and heterozygous (+/—) blastocysts, whereas overt positivity similar to that for the doxorubicin-treated pos-
itive control is observed in homozygous knock-out (—/—) blastocysts.

E10.5

E12.5

FIGURE 7. G2E3 expression in the CNS and limb buds during embryogenesis. Embryos were harvested at the
indicated days from timed pregnancies of heterozygous intercrosses. These were then fixed and stained as
described under “Experimental Procedures.” Whole mount embryos were imaged for B-galactosidase staining.
Wild-type embryos displayed no staining, whereas heterozygous animals stained bluish green in tissues expressed
high levels of G2E3. The most intense staining was observed in the forebrain, neural tube, and limb buds.

of this ubiquitin ligase. An advantage of using gene trap con-
structs containing the B-galactosidase marker is sensitive iden-
tification of tissues that express the gene into which the target-
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ing vector is inserted. Insertion of
the vector within intron 13 of
murine G2E3 results in a protein
fusion of the first 13 exons of G2E3
with the B-galactosidase reporter
gene under control of the endoge-
nous promoter for G2E3. This
allows for sensitive identification of
tissues and cell types that express
G2E3 by assaying [-galactosidase
activity.

Embryos derived from timed
pregnancies from heterozygous
crosses were harvested, fixed, and
assayed for B-galactosidase activity
at different stages of development
(Fig. 7). At E12.5, we observed
intense staining within the fore-
brain, neural tube, brachial arch,
and limb buds, as marked by arrows.
Diffuse staining was also observed
within the abdomen. A similar pat-
tern was seen in E10.5 embryos,
although the staining intensity was
greatly diminished suggesting that
G2E3 mRNA expression is lower at
this stage of development. We also
analyzed the expression pattern at
E14.5 and observed the most
intense  B-galactosidase activity
within the forebrain (marked by
arrows) with additional staining in
the midbrain, spine, and abdomen.
In contrast to the limb buds of E12.5
embryos, the patterned limbs of
E14.5 embryos showed no detecta-
ble staining, indicating a potential
role for G2E3 in limb patterning
processes. The lack of staining in the
E14.5 limb is indicated by an arrow.

We prepared paraffin and frozen
sections of EI12.5 heterozygote
embryos and analyzed -galactosid-
ase staining by light microscopy.
Within the embryonic tissues, stain-
ing is observed in the forebrain (Fig.
8, A and B), corresponding with the
prominent staining seen by whole
mount (Fig. 7). Adjacent sagittal
slices stained with B-galactosidase
(Figs. 84) and Nuclear Fast Red (Fig.
8B) are shown to allow comparison
of B-galactosidase staining and CNS
architecture. Sagittal sections
through the developing ventricular

system demonstrate staining within the ependymal cells lining
the ventricles and the underlying nervous tissue (Fig. 8, C-E). A
coronal section further indicates staining within the ependymal
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FIGURE 8. Histology of 3-galactosidase-stained embryos and tissues. E12.5 heterozygous embryos or adolescent brain and testis were assayed for B-ga-
lactosidase activity as described under “Experimental Procedures.” Subsequently, they were snap frozen (A-E and G-L) or paraffin embedded (F) and sectioned.
B-Galactosidase (A and C-L) or Nuclear Fast Red (B-L) staining is shown. A and B, sagittal sections of E12.5 embryos were stained with or without Nuclear Fast
Red. Muzzle and head are shown. C-E, the developing ventricles are shown under low, medium, or high power magnification. F, a coronal section of E12.5
embryo demonstrates staining in the ependymal cells of the choroid plexus. G, sagittal section of the eye indicates expression of G2E3 within the neural retina.
Cross (H) or longitudinal (/) sections of the developing intestine demonstrate expression within the epithelial cells of the lumen are shown. J, cross-section of
4-week-old testis with staining of the interstitial cells and mild staining of the seminiferous tubules. K, cross-section of ductus deferens exhibits intense staining
within the apical epithelium. L, cross-section of the adult brain with staining within the Purkinje cell layer. Mu, muzzle; FB, forebrain; CC, cerebral cortex; Ep,
ependyma; VL, ventricle lumen; CP, choroid plexus; Co, cornea; Ln, lens; Nr, neural retina; In, intestine; Is, interstitial cells; ST, seminiferous tubules; Dd, ductus

deferens; GL, granular layer; PL, Purkinje layer; ML, molecular layer.

cells of the choroid plexus (Fig. 8F). Staining of E12.5 embryos
also reveals faint diffuse 3-galactosidase staining in one other
CNS structure, the developing retina (Fig. 8G). Outside of the
CNS, one area of discrete staining was noted in cells lining the
embryonic intestine (Fig. 8, H and I).

We further analyzed the expression of G2E3 in adolescent
mice. Frozen sections of brain, testis, kidney, heart, liver,
spleen, and pancreas were examined for detectable G2E3 pro-
tein expression. No measurable 3-galactosidase staining could
be seen within the tissues of any organ with the exception of
brain and testis. The Purkinje cell layer of the cerebellum
exhibited high levels of G2E3 but no other nervous tissue
demonstrated measurable expression (Fig. 8L). Notably,
expression of the mutant protein appears to be restricted to
the cytoplasm in contrast to the wild-type protein that is
concentrated within the nucleus. This is just as expected,
because C-terminal deletions of the G2E3 HECT domain
(like those in this mutant G2E3/B-galactosidase fusion pro-
tein) have been shown to cause mislocalization of the protein
to the cytoplasm (19). Within the testicles, the interstitial
cells demonstrated expression of G2E3 but only minimal
staining is observed in the surrounding seminiferous tubules
(Fig. 8J). Additionally, very intense staining is seen in the
apical cells of the ductus deferens (Fig. 8K).
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DISCUSSION

In this study, we characterize the cell cycle-regulated ubiquitin
ligase known as G2E3, demonstrating its biochemical function,
physiologic function, and its in vivo expression pattern. We first
demonstrate that G2E3 is an ubiquitin ligase by virtue of two dis-
tinct domains, including both a RING domain and an atypical
domain with similarities to both RING variant and PHD domains.
Surprisingly, a HECT domain in G2E3 appears to lack catalytic
activity, at least in part as a result of residues that surround the
active site cysteine. The HECT domain has previously been shown
to play an important role in G2E3 subcellular localization (19). To
our knowledge, this is only the second protein (and the first mam-
malian protein) with two distinct E3 domains, a feature first shown
for the yeast protein Msc1 (22). The presence of two distinct ubiq-
uitin ligase domains on a single protein might be expected to allow
ubiquitination of distinct targets by each domain and could con-
ceivably allow regulation of each domain by the other. Identifica-
tion of in vivo targets of each ubiquitin ligase domain will be an
interesting future goal, especially given the great importance of
this protein in embryogenesis.

We further show that G2E3 plays an essential role in early
embryonic development. Disruption of G2E3 is lethal at a very
early stage in development and deficiency of the protein causes
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massive apoptosis with resulting involution of the blastocyst.
The embryonic apoptosis seen with G2E3 deficiency is similar
to that observed with deficiency of the G2E3 ortholog from
Drosophila known as pineapple eye (54). Despite the cell cycle-
regulated expression of G2E3 (4), knock-out blastocysts do not
undergo a mitotic arrest (data not shown), just as was shown for
pineapple eye. Although some cell cycle and checkpoint pro-
teins are also essential in embryogenesis, many are dispensable,
likely as a result of compensation by similar proteins. For exam-
ple, disruption of one or two Cyclin D genes leads to embryo-
logic defects in some organs (55), and inactivation of all three
causes embryonic demise late in gestation (56). In contrast, the
embryonic lethality observed with inactivation of G2E3 indi-
cates that it cannot be fully compensated for by NYD-SP6, a
protein with significant homology to the N-terminal half of
G2E3 (57). Two other mitotic regulatory proteins, Emil (29)
and Cdkl11 (30), display early embryonic lethality with accom-
panying mitotic defects in blastocysts. One other ubiquitin
ligase, EDD, also is essential in development, reinforcing the
importance of this protein modification in mammalian biology
(58).

The insertional mutagenesis in the G2E3 allele produces a
fusion transcript that deletes more than half of the HECT
domain. Although it is possible that truncation of the HECT
domain of G2E3 causes the mutant protein to function as a
dominant-negative, this is extremely unlikely because no phe-
notype is observed in heterozygous animals. Instead, the pro-
tein is functionally inactivated by one or more mechanisms.
From previous work, we know that C-terminal deletions of the
HECT domain (like those present in the protein product from
the insertional mutagenesis allele) cause mis-localization of the
protein to the cytoplasm rather than the nucleus, its normal site
of accumulation (19). As shown in Fig. 8L, the aberrant subcel-
lular localization is also seen in Purkinje cells, a further confir-
mation of the effect of this insertional mutagenesis on subcel-
lular localization of the protein. Mis-localization of G2E3 to the
cytoplasm would be expected to prevent it from ubiquitinating
target proteins in the nucleus, thereby functionally inactivating
the protein. Although other factors could contribute to inacti-
vation of the G2E3 in this insertional mutagenesis, mis-local-
ization alone could easily be expected to render G2E3 non-
functional as an E3 for specific target protein(s).

The embryonic expression pattern of G2E3 suggests roles for
the protein in development of the central nervous system and in
limb formation. The function of G2E3 in these processes is
likely distinct from its role in early embryonic development,
because G2E3 null embryos die prior to the initiation of orga-
nogenesis. With the present data, we can only speculate about
the role of G2E3 in CNS and limb development. The abrupt
cessation of G2E3 expression in the limb bud suggests that the
protein may function in the process of digitation. We speculate
that G2E3 may suppress apoptosis prior to initiation of digita-
tion, based on evidence in flies (54) and mice (Fig. 6, A and B)
demonstrating that pineapple eye and G2E3 inactivation leads
to increased apoptosis.

In summary, we have demonstrated that G2E3 is a dual func-
tion ubiquitin ligase that is required for prevention of apoptosis
during early embryonic development. Generation of a condi-
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tional knock-out mouse model for G2E3 would greatly enhance
our ability to examine the role of this protein in mammalian
development and would likely provide further insights into its
role in development and cellular function.
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