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The heterogeneous nuclear ribonucleoprotein K protein represents a novel class of proteins that may act as
docking platforms that orchestrate cross-talk among molecules involved in signal transduction and gene
expression. Using a fragment of K protein as bait in the yeast two-hybrid screen, we isolated a cDNA that
encodes a protein whose primary structure has extensive similarity to the Drosophila melanogaster extra sex
combs (esc) gene product, Esc, a putative silencer of homeotic genes. The cDNA that we isolated is identical to
the cDNA of the recently positionally cloned mouse embryonic ectoderm development gene, eed. Like Esc, Eed
contains six WD-40 repeats in the C-terminal half of the protein and is thought to repress homeotic gene
expression during mouse embryogenesis. Eed binds to K protein through a domain in its N terminus, but
interestingly, this domain is not found in the Drosophila Esc. Gal4-Eed fusion protein represses transcription
of a reporter gene driven by a promoter that contains Gal4-binding DNA elements. Eed also represses
transcription when recruited to a target promoter by Gal4-K protein. Point mutations within the eed gene that
are responsible for severe embryonic development abnormalities abolished the transcriptional repressor
activity of Eed. Results of this study suggest that Eed-restricted homeotic gene expression during embryogen-
esis reflects the action of Eed as a transcriptional repressor. The Eed-mediated transcriptional effects are likely

to reflect the interaction of Eed with multiple molecular partners, including K protein.

It is becoming increasingly apparent that many interactions
between molecular partners involved in signal transduction
and gene expression occur in the context of a novel class of
proteins that act as docking platforms or scaffolds. These pro-
teins have the ability to assemble multiple factors, allowing
multilateral cross-talk and integration of inputs from different
signal transduction and gene expression pathways. STES is an
example of a scaffold protein in Saccharomyces cerevisiae that
assembles MEKK, MEK, and MAPK, the three main compo-
nents of the cascade that triggers the pheromone response
(27). There are examples of such proteins in higher eukaryotic
cells, including the heterogeneous nuclear ribonucleoprotein K
protein (56), Sin (2), and Sam68 (41). All three of these pro-
teins are made up of modules, each of which is able to recruit
a unique set of molecular partners. For example, K protein,
Sam68, and Sin all contain multiple SH3-binding domains that
can engage protein tyrosine kinases, such as Src and Fyn.
Sam68 and K protein, but not Sin, also contain the evolution-
arily conserved KH domains that appear to mediate the ability
of these proteins to bind RNA. Sam68 and K protein also bind
single- and double-stranded DNA, but it is not known if the
KH domains also mediate these protein-DNA interactions.
The broad biochemical properties exhibited by K protein or
Sam68 suggest that, in vivo, these proteins might be engaged in
different types of molecular interactions. Recent studies re-
vealed that K protein has a particularly diverse repertoire of
molecular partners, which, in addition to kinases, the proto-
oncoprotein Vav, and nucleic acids, also includes the TFIID
TATA binding protein, TBP (33), and the transcriptional re-
pressor, Zik1 (17). Identification of these factors as K protein
molecular partners suggests that K protein might be involved
in transcriptional control. This postulate is supported by the
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observation that in vitro addition of K protein has been re-
ported to stimulate or repress transcription. These observa-
tions suggest that proteins that act as docking platforms might
be involved in the regulation of transcriptional activation and
repression (9).

Because K protein appears to function as a modular docking
platform (9), it can be used as a tool to uncover novel factors
involved in signal transduction and gene expression. Using a
fragment of K protein in the yeast two-hybrid screen, we iso-
lated a mouse cDNA that encoded a putative transcriptional
repressor whose primary structure has similarity to the Dro-
sophila melanogaster extra sex combs (esc) gene product (25).
Using positional cloning, another group has recently shown
that mutation of this gene is responsible for severe defects in
anterior-posterior patterning during mouse embryogenesis and
has denoted the gene eed, for embryonic ectoderm development
(48).

MATERIALS AND METHODS

Cell lines. Glomerular epithelial cells, pre-B lymphocytes (70Z/3) (37), epi-
dermoid cells (KB) (6), kidney cells (COS) (30), and human leukemia T cells
(Jurkat) were grown as described before (40, 42).

Reagents. The bacterial expression vector pPGEX-KT was provided by J. Dixon
(University of Michigan). The mammalian expression vector pM1 was kindly
provided by I. Sadowsky (University of British Columbia, Vancouver, Canada).
The pGL3 luciferase reporter vectors, pGL3-Enhancer, containing the SV40
enhancer, and pGL3-Control, containing both the SV40 promoter and the SV40
enhancer, were purchased from Promega (Madison, Wis.). Glutathione agarose
beads were obtained from Sigma (St. Louis, Mo.).

RNA extraction and Northern blot analysis. Total RNA was extracted essen-
tially as previously described (12). Cells or animal tissues were washed with
phosphate-buffered saline (PBS). Two milliliters of solution D (4 M guanidinium
thiocyanate, 25 mM sodium citrate, 0.5% Sarkosyl, 0.1 M B-mercaptoethanol)
was added to each plate or to 100 mg of animal tissue to lyse the cells. The final
RNA was dissolved in 25 wl of water and used for Northern blot analysis. RNA
was analyzed essentially as described previously (28). After first being denatured
in formaldehyde and formamide at 65°C for 15 min, the RNA samples were
cooled on ice. Ten micrograms of total RNA per lane was resolved by electro-
phoresis for 4 h at 70 V with a 1.2% agarose gel containing 2.2 M formaldehyde.
RNA was transferred overnight in 20X SSC (1x SSC is 0.15 M NaCl plus 0.05
M sodium citrate) to a Hybond N+ membrane (Amersham, Arlington Heights,
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I11.) and dried at 80°C for 45 min. The membranes were prehybridized for 2 h at
42°C in prehybridization buffer (50% formamide, 5X Denhardt solution, 5X
SSC, 0.5% sodium dodecyl sulfate [SDS], 0.1 mg of denatured salmon sperm
DNA/ml, and 0.1 mg of yeast tRNA/ml). After prehybridization, **P-labeled
cDNA probe (2 X 10° cpm/ml) was added, and hybridization was carried out
overnight at 42°C. Following hybridization, the membranes were washed two
times in 2X SSC with 0.1% SDS at 22°C for 10 min and then twice in 0.1X SSC
with 0.1% SDS at 50°C for 20 min and autoradiographed.

Yeast two-hybrid system library screen. The procedure used here was based
on methods previously described (21, 57). Briefly, for the screen, the L40 strain
of yeast (generated by Stanley Hollenberg), which is auxotrophic for His, Trp,
Leu, and adenine, was used. The L40 yeast strain contains both lacZ and HIS3
marker genes under the control of minimal GAL1 promoters fused with mul-
timers of LexA DNA-binding sites. Yeast strains were grown at 30°C in rich
medium containing 1% yeast extract, 2% Bacto Peptone, 2% glucose, and 0.1 mg
of adenine/ml.

To construct the bait, the open reading frame of K protein was used as a
template for PCR. The PCR primers were programmed to contain a BarmHI site
on the 5’ end and a stop codon and a Sall site on the 3" end. After digestion, the
PCR-generated fragment was subcloned in frame with LexA into the pPBTM116
vector, a DNA-binding domain plasmid (pBTM116 was constructed by Paul
Bartel and Stan Fields). The cDNA library for the yeast two-hybrid screen was
generated by random-primed ¢cDNA synthesis from the epidermoid KB cells
(John Sims, Immunex Corporation). This library was inserted into the transcrip-
tion activation domain vector, pPGADH, to generate a Gal4 activation domain-
cDNA hybrid protein.

Yeast cells were first transformed with the bait plasmid, and then the L40
LexA-K protein strains were transformed with the cDNA library. Screening for
positive clones containing the LexA-K fusion protein plasmid and the activation
domain-library plasmid was done by growth on His™ selective medium and by
testing the colonies for B-galactosidase activity (57). To eliminate false-positive
clones, we mated clones containing the primary positive cDNA library plasmids
with an opposite mating type strain transformed with a LexA-Lamin fusion
protein plasmid, pLAMS (generated by R. Sternglanz), as a nonspecific bait (4).

Screening of the murine cDNA library and DNA sequencing. A partial cDNA
labeled by random priming with [a«-*?P]dCTP (Amersham) was used to screen
approximately 2 X 10° PFU of a Agt10 cDNA library prepared from 22D6 pre-B
cells (provided by A. Bothwell, Yale University) as previously described (35, 36).
Several clones were plaque purified, and the cDNA inserts were subcloned into
pBluescript vector (Stratagene, La Jolla, Calif.) for sequencing. Sequencing was
performed with the DyeDeoxy terminator cycle-sequencing kit (Perkin-Elmer).

In vitro transcription and translation. Partial or complete cDNAs were used
as templates for in vitro transcription by SP6 or T7 DNA-dependent RNA
polymerases to generate mRNAs for in vitro translation as previously described
(24). In vitro translation in a rabbit reticulocyte lysate cell-free system (Promega)
was performed according to the manufacturer’s protocol.

In vitro binding studies. Five microliters of the in vitro translation reaction
system containing 3>S-labeled products was added to a suspension of 10 wl of
glutathione beads bearing either full-length K protein or a fragment of K protein
fused to glutathione S-transferase (GST) in 100 pl of binding buffer (10 mM
Tris-HCI [pH 7.5], 100 mM KClI, 1.0 mM MgCl,, and 0.1% Nonidet P-40). After
being mixed for 60 min (4°C), the beads were washed three times with 400 .l of
binding buffer and boiled with 30 pl of SDS sample buffer. Released proteins
were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).

Plasmid constructs. The Stul-Smal fragment, pGSbCAT (29), containing five
Gal4-binding DNA elements and a TATA box, was introduced into the Smal site
of pGL3 enh plasmid (Promega) to create a reporter plasmid, pG5GL3 enh. The
expression plasmid pM1Eed was constructed by inserting the full-length coding
region of Eed, which was modified by PCR to create appropriate cloning sites,
into the BamHI site of the pM1 plasmid (45). The final construct contained an
insert encoding Gal4 DNA-binding domain-Eed fusion protein under the control
of the SV40 promoter. The plasmid pM1EedAl was derived from pM1Eed by
cutting at the BamHI-Sall fragment and blunt ligating the linearized plasmid,
creating a Gal4-EedAl fusion protein. pM1EedA2 was derived from pM1Eed by
cutting at the Sall-HindIII fragment and blunt ligating the linearized plasmid,
creating a Gal4-EedA?2 fusion protein. pM1EedA3 was derived from pM1EedAl
by cutting at the MscI-HindIII fragment and blunt ligating the linearized plasmid,
creating a Gal4-EedA3 fusion protein. For the full-length Eed expression, the
Eed ¢cDNA (nucleotides 133 to 1790) was inserted into pM1 vector linearized
with Bg/IT and PstI. The eed point mutants, T'***—C and T'*3'—A, were gen-
erated using a QuikChange site-directed mutagenesis kit (Stratagene).

To create K protein plasmids for expression in mammalian cells, the PCR-
generated full-length K protein open reading frame was ligated into either
BgllI-BamHI (for K protein expression) or BamHI (for Gal4-K protein expres-
sion) of linearized pM1. All constructs were verified by sequencing and cell-free
translation.

Transient transfection and luciferase reporter gene assay. COS cells were
grown in Dulbecco’s minimal essential medium supplemented with 10% fetal calf
serum to approximately 60 to 75% confluency in 100-mm-diameter dishes and
were transfected by the DEAE-dextran method (30). Briefly, cells were treated
with a total of 5 to 10 pg of plasmid DNA premixed with 5 ml of Dulbecco’s
minimal essential medium and 0.16 mg of DEAE-dextran/ml. After a 4-h incu-
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bation, cells were shocked for 1 min at room temperature with 10% dimethyl
sulfoxide in 1X PBS and washed twice with PBS and fresh medium was added.
After 48 h, transfected cells were washed twice with PBS, scraped with a rubber
policeman, and spun down in a microcentrifuge. The cell pellet was lysed in 150
wl of ice-cold 1X lysis buffer (Promega). The supernatant was assayed for lucif-
erase activity by the standard Promega protocol with a luminometer.

Jurkat cells (23) were grown in suspension at 37°C in complete RPMI 1640
medium supplemented with 5% Fetal Clone (40). They were transfected with
SuperFect transfection reagent (Qiagen Inc., Santa Clarita, Calif.) according to
the manufacturer’s protocol. After 48 h, transfected cells were spun down in a
microcentrifuge and were washed twice with PBS. The cell pellet was lysed in 150
wl of ice-cold 1X lysis buffer (Promega). The supernatant was assayed for lucif-
erase activity by the standard Promega protocol with a luminometer.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to GenBank and EMBL Data Bank under acces-
sion no. U97675.

RESULTS

Isolation of the murine homolog of the Drosophila extra sex
combs protein with K protein as a bait in a yeast two-hybrid
screen. A fragment of K protein (amino acids [aa] 318 to 337)
(56) was used as a bait in a two-hybrid screen of an epidermoid
KB cell cDNA library to identify K protein partners. Several
true-positive colonies were obtained in which analysis showed
that the partners were identical. A cDNA fragment of ~1.7 kb
was isolated and partially sequenced.

The partial cDNA was used to screen a Agt10 cDNA library
(46) derived from the murine pre-B cell line, 22D6. From this
screen, three clones were isolated and subcloned into a pBlue-
script vector. The longest clone was used for sequencing both
strands. The complete nucleic acid sequence of the 2,031-bp-
long cDNA clone is shown in Fig. 1. The first ATG of the
longest open reading frame is located at position 459, but it is
not the translation initiation start site (see below). The de-
duced amino acid sequence of the longest open reading frame
showed extensive similarities with the protein encoded by the
Drosophila extra sex combs gene, Esc (Fig. 2) (25), indicating
that we had cloned the mouse homolog of this gene. During
the course of our work, Schumacher et al., using positional
cloning, also cloned the mouse esc gene and demonstrated that
mutations in this gene are responsible for the mouse defect of
body axis formation, embryonic ectoderm development (48).
We will therefore refer to this gene as eed and to the protein it
encodes as Eed.

Tissue distribution and expression of eed transcripts. The
full-length ¢cDNA was used as a probe to define the tissue
distribution of eed transcripts. Total RNA, isolated from a
variety of mouse tissues and cells grown in culture, was sepa-
rated by size on an agarose-formaldehyde gel and blotted onto
a nylon membrane. Figure 3A shows the autoradiogram of the
Northern blot. There were two transcripts, with apparent sizes
of 2.3 and 1.7 kb. In the mouse tissues that were examined, eed
transcripts were detected in ovaries (Fig. 3A, lane 2) but very
little or no transcript was found in the brain (Fig. 3A, lane 1),
muscle (Fig. 3A, lane 3), or liver (Fig. 3A, lane 4) samples.
Among the cell lines tested, eed mRNA was most abundant in
the murine pre-B lymphocyte 70Z/3 cell line (37); the message
was also present, but at much lower levels, in the human
epidermoid carcinoma KB cell line (5) (Fig. 3A, lane 5) and
the rat primary glomerular epithelial cell line (42) (Fig. 3A,
lane 7). The sizes of the eed transcripts were indistinguishable,
suggesting that the processing of the eed message in the dif-
ferent tissues is similar. In the Northern blot the size of the
2.3-kb band is larger, while the 1.7-kb band is smaller, than
those of the 2.03-kb-long eed cDNA that we cloned. However,
gel electrophoresis of the mRNA synthesized in vitro with the
eed cDNA clone as the template showed one RNA band whose
apparent size was 2.2 kb (Fig. 3B). Taking into account that the
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FIG. 1. The complete nucleotide and deduced amino acid sequences of an eed clone isolated from a murine pre-B lymphocyte cDNA library. Numbering of the

amino acids deduced from the longest open reading frame begins with the putative start codon GTG (see text for explanation).

eed mRNA should contain a 100- to 200-bp-long poly(A) tail in
cells, the eed cDNA that we cloned corresponds to the upper
(2.3-kb) band seen in the Northern blot (Fig. 3A). The lower
(1.7-kb) band may represent a product of alternative splicing.

A Western blot probed with antiserum raised in rabbits
against GST-Eed fusion protein (Fig. 4) revealed a major im-
munoreactive band of approximately 69 kDa in extracts from
70Z/3 cells (Fig. 4, lane 3), a cell line that expressed the highest
levels of the eed message (Fig. 3A). This band was not seen
with a preimmune serum obtained from the same rabbit (Fig.
4, lane 1). The 69-kDa band was not detected in the brain (Fig.
4, lane 2), KB (Fig. 4, lane 4), or GE (Fig. 4, lane 5) cells. The
major band at 60 kDa seen in the brain sample was also seen
with the preimmune serum (data not shown), and therefore it
is not specific.

Mapping of the translation initiation site. If the ATG at
position 459 is the initiation codon (Fig. 1), then the protein
encoded by this cDNA would be 441 aa long and would have
a predicted molecular mass of 50.2 kDa. However, the Western
blot with anti-Eed serum revealed a protein of 69 kDa (Fig. 4,
lane 3), a nearly 20 kDa difference. Since this discrepancy can
be accounted for by a number of factors, we first examined the

electrophoretic mobility of proteins synthesized in a cell-free
system with the cloned eed cDNA as a template (24). SDS-
PAGE of the translational products revealed one major pro-
tein of 69 kDa and several less intense bands (Fig. 5A, lane 2,

Esc MSSDI(VKNGNEPEESEESCGDESASYI'I'NSTTSRSKS!I’SSFI'RSKRRGRRSTXSKPKSRAAYKYDTHVII(IIE 70
L | [ L |

Eed LSSDENSNPDLSGDENDDAVSIESGTNTERPOTPTNTPNAPGR-KSWGKGKWKSK-KCKYSFKCYNSLKE 184

Esc  NHGANIFGVAFNTLLGKDEPQVFATAGSNRVTVYECPRQGGMQLLHCYADPDPDEVFYTCAWSYDLKTSS 140
| o e e v et

Eed DHNQPLFGVQFNWHSKEGDPLVFATVGSNRYTLYECHSQGEIRLLQSYVDADADENFYTCAWTYDSNTSH 254

Esc PLLAMGYRGVIRVIDVEQNEAVGNYIGHGQAINELKFHPHKLQLLLSGSKDHAIRLWNIQSHVCIAILG 210
Fiee e er-ee [BRIRREIRRRINY] FLEL TEREE crneel tl

Eed PLLAVAGSRGIIRIINPITHQCIKHYVGHGNAINELKFHPRDPNLLLSVSKDHALRLNNIQTDTLVAIFG 324

Esc GVEGHRDEVLSIDFNMRGDRIVSSGMDHSLKLWC LNTPEFHHKIELSNTFSQEKSTLPFPTVTKHFPDFS 280
LEUEIELneen ) ot t [ ] [R3RNN

Eed GVEGHRDEVLSADYDLLGEKIMSCGMDHSLKLWRINSKRMMNAIKESYDYNPNKTNRPFISQKIHFPDFS 394

Esc  TRDIHRNYVDCVQNFGNFVLSKSCENAIVCWKPGQUHQSFEQVKPSDSSCTIIAEFEYDECEINFVRFGF 350
[REARNEIARNE N I [RARRNRRRNRRNRY] [REEN I [N A AN

Eed TRDIHRNYVDCVRWLGDLILSKSCENAIVCWKPGKMEDDIDKIKPSESNVTILGRFDYSQCDINYMRFSM 464

Esc NPWQKVIALGNQQGKVYVWELDPSDPEGAHMTTLHNSRSVATVRQIAF SRDASVLVYVCDDATVWRWNR 419

SRR R E e R [ T Y B [ Y N A R R A A R A N
Eed DFWQKMLALGNQVGKLYVNDLEVEDPHKAKCTTLTHHKCGAATIRQTSFSRDSSILIAVCDDASIWRWOR 533

FIG. 2. Similarity of the deduced amino acid sequence of the cloned murine
eed cDNA to the primary structure of the Drosophila Esc. Only the region of
similarity is shown, i.e., for Eed, aa 114 to 533, and for Esc, aa 1 to 419.
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= eed mRNA
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FIG. 3. Northern blot analysis of eed mRNA in mouse tissues and cultured
cells. Total RNA was isolated, electrophoresed on a formaldehyde-agarose gel,
and blotted to a nylon membrane. (A) The blot was hybridized with >*P-labeled
eed cDNA and autoradiographed (upper panel). The same membrane was
stripped and reprobed with *?P-labeled 28S probe as a loading control and
autoradiographed (lower panel). (B) Electrophoretic mobility of in vitro-synthe-
sized eed mRNA. The eed cDNA cloned into pBluescript was transcribed by T7
polymerase. Given amounts of the transcript were loaded on a formaldehyde
agarose gel (lanes 2 to 4). Molecular size markers were run in lane 1. The gel was
stained with ethidium bromide and was photographed.

and Fig. 5B, lane 1). Therefore, the size of the major in vitro-
synthesized protein is similar to that of the major 69-kDa band
seen in the Western blot with the anti-Eed serum (Fig. 4, lane
3), indicating that the cloned cDNA contains the full-length
open reading frame of the Eed protein.

To test if the ATG at position 459 was the start codon in the
eed mRNA, we used PCR and appropriate-sense primer to
delete the entire region 5’ to the first ATG from the eed cDNA
clone and then used the PCR product as a template for cell-
free transcription and translation. To make the ATG a stron-
ger translation start site, we designed the sense primer so that
the ATG is followed by G rather than T, i.e., ATGT—-ATGG
(Fig. 5). SDS-PAGE and autoradiography of the **S-labeled
translation products synthesized from this template revealed
one major protein with a molecular mass of around 55 kDa
(Fig. 5A, lane 1, band d). The size of this band is considerably
smaller than the major band seen on the Western blot of 70Z/3
extracts (Fig. 4, lane 3) or the major product of the cell-free
translation of the full-length eed cDNA clone (Fig. 5A, bands
b). These results indicate that the eed cDNA clone contains a
translation initiation site upstream of the first ATG.

To identify the codon that initiates the in vitro synthesis of
the major protein (Fig. 5, bands b), we designed a number of
synthetic oligonucleotides and used the eed cDNA clone as a
template to amplify different-length DNAs for cell-free tran-
scription and translation. The autoradiograph of the *S-la-
beled in vitro-translated protein products from these DNA
templates is illustrated in Fig. S5A (lanes 3 to 5). The template
which starts at position 143 generated a major product that was
indistinguishable from that synthesized with the full-length
clone (Fig. 5A, compare lanes 2 and 3). Importantly, the
mRNA containing a 210-bp deletion at its 5’ end (Fig. 5A, lane
4) failed to produce the major band at 69 kDa made from the
full-length template (Fig. SA, bands b), but two of the lower-
molecular-mass minor bands were accentuated (Fig. SA, bands
¢ and d). Based on this analysis, it appears that the major
initiation codon of the eed cDNA must be contained within the
nucleotide region from positions 143 to 211. Inspection of this
region revealed a GTG sequence at position 177 that is flanked
by a good consensus sequence for initiation of translation and
thus could be one potential initiation codon. There are many
examples of proteins from diverse species where GTG is the
initiation codon (7, 8, 16, 51). To test if this is indeed the first
codon for the major translation product of the eed cDNA
template (Fig. 5A, bands b), we designed a sense oligonucle-
otide primer for PCR to convert G at position 177 to A and T
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at position 181 to G (GTGT—ATGG) (Fig. 5) and used the
PCR product as a template for in vitro transcription and trans-
lation. In this mutated template the putative initiation codon,
GTG, was converted to ATG flanked by a strong consensus
sequence for translational initiation (32). This altered template
produced the same major 69-kDa band as did the wild-type
cDNA (Fig. 5A, compare lane 5 to lanes 2 and 3), while the
minor bands of lower molecular mass were synthesized at ei-
ther lower (band a) or the same (bands ¢ and d) levels. This set
of experiments suggests that the GTG at position 177 is the
initiation codon for the major protein synthesized in a cell-free
system. Starting with this GTG, the open reading frame is
1,605 nucleotides long, encoding a protein containing 535
amino acids with a predicted molecular mass of 60.0 kDa and
a pl of 8.9.

The cDNA clone that was used here for cell-free transcrip-
tion and translation may represent an alternatively spliced
mRNA with an intron present that, by chance, contains nucle-
otide sequences, such as the GTG, that can initiate translation
upstream of the first ATG, which is at position 459. To deter-
mine if the protein pattern produced in in vitro translation was
unique to the eed cDNA that was cloned from the pre-B cell
library, we used mouse kidney cDNA and appropriate oligo-
nucleotide primers in PCR to amplify another set of templates
for cell-free translation. In vitro transcription and translation
of three independently amplified DNAs from kidney cDNA
produced one major band, which had a molecular size indis-
tinguishable from the one generated from the eed cDNA clone
isolated from the pre-B cell cDNA library (Fig. 5B, compare
lane 1 to lanes 2 to 4). Moreover, the PCR-generated tem-
plates produced similar profiles of the minor protein bands,
except that the weaker band of higher molecular mass seen
with the cDNA clone (Fig. 5B, lane 1, band a) was not seen
with any of the three independently generated kidney mRNAs.
All PCR-generated templates were sequenced and were indis-
tinguishable from the clone we isolated.

The Western blot analysis of extracts from the pre-B 70Z/3
cells (Fig. 4) and the cell-free translation experiments (Fig. 5)
provide strong evidence that the ATG at position 459 (Fig. 1)
is not the initiation codon for translation of eed in 70Z/3 cells.
The cell-free translation of the wild-type template and the
different mutated eed templates suggest that the GTG at po-
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FIG. 4. Western blot analysis of Eed derived from brain cells and various cell
lines. Protein extracts from tissue and cells grown in culture were prepared as
described previously (56). Fifty micrograms of protein extract per lane was
resolved by SDS-PAGE and electrotransferred to a polyvinylidene difluoride
membrane for immunoblotting with either preimmune (lane 1) or immune (lanes
2 to 5) anti-Eed sera. The anti-Eed antibody was raised against a GST-Eed fusion
protein in rabbits. Both the preimmune and immune sera were used at a 1:5,000
dilution. The blots were developed by chemiluminescence. The position of Eed
is indicated by the arrow. Molecular mass markers are shown on the right.
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FIG. 5. Mapping of the translation initiation sites of the eed cDNA clone with a cell-free system. Al mRNAs were translated in rabbit reticulocyte lysates with either
the cloned cDNA or PCR-generated DNAs as templates for transcription. >>S-methionine-cysteine was used in translation reactions to label proteins. Translation
products were analyzed by SDS-PAGE and autoradiography. Major 3°S-labeled protein bands are designated a, b, ¢, and d. The nucleic acid sequences of the 5" and
3" ends of the eed cDNA clone are shown in the panel below the autoradiographs. The deduced N- and C-terminal amino acid sequences of the longest open reading
frame are also shown. The relative positions of the deduced amino acid sequences from the putative initiation codon are shown in italics below the protein sequence.
The stop codons are boxed. The 5’ position of the sense (Is, IIs, Ills, IVs, and Vs) and anti-sense (/a) oligonucleotide primers used in PCR to generate templates for
transcription and translation are indicated by the arrows. The positions of the 5" ends of the primers in reference to the cloned full-length cDNA are shown by the
numbers adjacent to the arrows. (A) Analysis of translational products with DNA amplified with the indicated sense primers and with the cloned cDNA as a template
for PCR. With the exception of the oligonucleotides IVs and Vs, primers had sequences identical to the corresponding nucleotide stretch of the cloned cDNA. In
reference to the eed clone, the 5" end of the primer IVs was changed, as shown, from ATGT to ATGG, and that of primer Vs was changed from AAAGTGT to
AAAATGG, as shown. The same antisense primer, Ia, was used in all the PCR reactions. (B) The 3*S-labeled translation product synthesized from the wild-type
full-length cDNA is shown in lane 1. Lanes 2 to 4 represent translation products from three (PCR1, PCR2, and PCR3) independently amplified DNAs from kidney
c¢DNA with oligonucleotide primers that correspond to the 5’ and 3’ ends of the cloned cDNA.

sition 177 might be an initiation codon in vivo. Although it is to 464) deletion mutant, but this binding was not seen consis-
conceivable that eed has a very short first exon that contains an tently. This experiment shows that the Eed-binding site is con-
initiating ATG that was not included in our cDNA clone, the tained within the aa 171 to 337 domain of the K protein. This
observation that several independently generated templates domain may overlap with the K protein site that binds the Src

from kidney and 70Z/3 cells produced similar products in cell- and Vav SH3 domains (56) or the transcriptional repressor,
free translation makes that possibility less likely. This postulate Zik1 (17).

is further supported by the fact that the cDNA sequence iso- To approximate the Eed domain that interacts with K pro-
lated by positional cloning is identical to our sequence (48). tein, we tested the binding of **S-labeled full-length Eed (aa 1

Mapping protein domains responsible for the K protein-Eed to 535) and the Eed deletion mutants EedAN (aa 100 to 553)
interactions. To define the domain of K protein responsible for and EedAC (aa 1 to 283) to glutathione beads bearing either
the engagement of Eed, we tested binding of the full-length in full-length K protein or deletion fragments of K protein. The
vitro-translated **S-labeled Eed to glutathione beads bearing autoradiograph of the SDS-PAGE gel of protein eluted from
GST fused to either full-length K protein or a fragment of K the glutathione beads is illustrated in Fig. 7. As before, full-
protein. After incubation with **S-labeled Eed, beads were length Eed bound to GST-K (aa 1 to 464) (Fig. 7, lane 2) and
washed and boiled in buffer containing SDS, and proteins were GST-K3 (aa 171 to 337) (Fig. 7, lane 3) but no binding was
resolved by SDS-PAGE. The Coomassie blue-stained and au- detected to GST-K7 (aa 337 to 464) (Fig. 7, lane 4). A pattern
toradiographed gel is illustrated in Fig. 6. In agreement with identical to that seen with the full-length Eed was seen with the
the yeast two-hybrid screen, these results showed that Eed Eed mutant lacking the C terminus, EedAC (aa 1 to 283), but
binds to the full-length GST-K protein (Fig. 6, lanes 1). Eed in contrast, no binding to any of the GST-K fusion constructs
also bound to GST-K13 (aa 1 to 337) and GST-K3 (aa 171 to was seen with the Eed deletion mutant lacking the N terminus,
337) but not to the GST-K12 (aa 1 to 209) deletion mutant EedAN (aa 100 to 553). These binding studies indicate that the
(56). There was also very weak binding to the GST-K7 (aa 337 first 100-aa stretch of Eed is critical for K protein binding.
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FIG. 6. Binding of Eed to K protein in vitro. eed mRNA was translated in a
rabbit reticulocyte cell-free system. The 33S-labeled translation products were
incubated with glutathione beads bearing either the full-length K protein or
deletion fragments of K protein mutants fused to GST (see text). After binding,
the beads were washed and boiled in SDS buffer and eluted proteins were
analyzed by SDS-PAGE. The Coomassie blue-stained gel (B) and its autoradio-
graph (A) are shown. The diagram below the gels depicts the GST-K protein
constructs that were conjugated to the glutathione beads and used in the binding
assays. Positions of the amino acid residues on the full-length K protein that
correspond to the N- and C-terminal ends of the K protein fragments fused to
GST are shown by the numbers above the bars. The approximate location of the
Eed-binding domain in the K protein is shown by the shaded box.

To narrow down the K protein-binding domain in Eed, we
tested binding of various Eed N terminus deletion mutants to
glutathione beads bearing full-length GST-K protein. The au-
toradiogram of an SDS-PAGE gel of the **S-labeled full-
length and deletion-mutant proteins eluted from the GST-K
beads is illustrated in Fig. 8. These results demonstrate that the
full-length Eed (aa 1 to 553) and the deletion fragments
EedAN2 (aa 47 to 553) and EedAN3 (aa 36 to 553) bound to
K protein but the deletion mutant EedANT1 (aa 95 to 553) did
not. This experiment suggests that the K protein-binding do-
main includes the aa 47 to 95 region of Eed.

Testing of Eed transcriptional activity. Based on the obser-
vations that Esc silences homeotic genes in Drosophila, it has
previously been suggested that Esc might be a transcriptional
corepressor (25). Like Esc, Eed is thought to regulate embry-
onic development by repression of homeotic genes in mice (20,
48), an effect which might be transcriptionally mediated. To
determine if Eed can affect transcription, full-length Eed (aa 1
to 535) was fused in frame to the Gal4 DNA-binding domain
(aa 1 to 147) in the mammalian expression vector pM1 (44).
pM1 containing only the Gal4 DNA-binding domain was used
as a control. These plasmids were transiently coexpressed with
the reporter luciferase gene plasmid in COS cells. The results
of the luciferase activity assays are shown in Fig. 9. Compared
to the expression of Gal4 DNA-binding domain that was used
as a control (Fig. 9A, Gal4), expression of the full-length Gal4-
Eed protein (Fig. 9A, Gal4-Eed) resulted in a fourfold reduc-
tion in the activity of the luciferase gene driven by the minimal
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FIG. 7. Mapping of the K protein-binding domain to the Eed N terminus.
Full-length DNA and two PCR-amplified DNA deletion constructs of the cloned
cDNA were used to synthesize mRNA for cell-free translation of the full-length
Eed (aa 1 to 535) and of the mutants lacking either the N (EedAN, aa 100 to 535)
or C (EedAC, aa 1 to 283) terminus. The 3*S-labeled translation products (Load)
were mixed together (lane 1), and an aliquot of the mixture was incubated with
glutathione beads bearing either GST-K, GST-K3, or GST-K7 fusion protein.
After binding, beads were washed and boiled in SDS buffer and eluted proteins
were analyzed by SDS-PAGE and autoradiographed.

promoter containing the Gal4 DNA elements (Fig. 9B, com-
pare shaded bars Gal4-Eed to Gal4). The level of repression of
the reporter gene increased with increasing amounts of Gal4-
Eed plasmid. In contrast, expression of the full-length Gal4-
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FIG. 8. Narrowing down the location of the K protein-binding domain in the
N terminus of Eed. Synthesis and binding of 3°S-labeled full-length Eed and Eed
deletion mutants was done as described in the legend to Fig. 7. The 3*S-labeled
products from the in vitro translation (Load) are shown in lanes 1 to 4, and
35S-labeled proteins eluted from glutathione beads bearing the full-length GST-K
fusion protein (Binding) are shown in lanes 5 to 8. Lanes 1 and 5, EedAN1 (aa 95
to 535); lanes 2 and 6, EedAN2 (aa 47 to 535); lanes 3 and 7, EedAN3 (aa 36 to
535); and lanes 4 and 8, full-length Eed (aa 1 to 535). The bars shown below the
autoradiograph depict the 33S-labeled Eed used. The shaded area defines the
region that contains the K protein-binding domain. +, binding; —, no binding.
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FIG. 9. Effects of Gal4-Eed protein on transcription of the luciferase reporter gene in COS cells. (A) Plasmids used in transient cell transfections. Reporter
plasmids: luciferase reporter gene pGL3-Enhancer vector containing an SV40 enhancer (Enh) and a minimal promoter (tata) either with (shaded boxes) or without
(clear boxes) five Gal4-binding elements (5XGal4). Expression plasmids: mammalian vector, pM1, was used for expression of either Gal4 DNA-binding domain alone
(Gal4) or a fusion of Gal4 DNA-binding domain with either the full-length Eed (Gal4-Eed, aa 1 to 535) or Eed deletion mutants (Gal4-EedAl, aa 101 to 535;
Gal4-EedA2, aa 1 to 101; and Gal4-EedA3, aa 101 to 282). (B) Effect of expression of Gal4 DNA-binding domain (Gal4) and Gal4 DNA-binding domain-Eed fusion
constructs (Gal4-Eed) on expression of the luciferase reporter gene in COS cells. Expression plasmids (1 and 8 wg) with 0.5 pg of luciferase reporter plasmid were used
for cotransfections. The amount of DNA was adjusted with pM1 so that the total amount of DNA used in each transfection was the same. Forty-eight hours after
transfection, cells were pelleted and lysed in reporter lysis buffer. Luciferase activity was measured with a luminometer (10) and normalized for protein concentration,
and the final values were calculated relative to the activity measured for the Gal4 DNA-binding domain (Gal4). The data shown are representative of one out of five
experiments. (C) Mapping of the transcriptional repression domains by comparing transcriptional activity of the full-length Gal4-Eed and that of a panel of Gal4-Eed
deletion mutants expressed in COS cells. The data shown represent one out of three experiments that were done as described for panel B.

Eed in these cells had little or no effect on the same minimal
promoter, in which the five Gal4 DNA sites were not included
(Fig. 9B, compare clear bars Gal4-Eed and Gal4). These re-
sults show that Gal4-Eed inhibits transcriptional activity of a
target promoter that contains the cognate Gal4-binding DNA
motifs.

To map the domain within the Eed protein that mediates
this transcriptional repression, we constructed a number of
Eed deletion mutants fused to the Gal4 DNA-binding domain
and tested the effects of these constructs on the transcriptional
activity of the promoter containing Gal4 elements (Fig. 9C).
As in the previous experiment (Fig. 9B), full-length Gal4-Eed
inhibited the expression of the luciferase reporter gene (Fig.
9C, compare Gal4-Eed to Gal4). The same degree of repres-
sion was seen with Gal4-EedA2, a deletion mutant that con-
tains only the first 101 aa of the Eed protein (Fig. 9C, compare
Gal4-EedA2 to Gal4). Some transcriptional suppression was
also seen with the Eed mutant that lacks the N terminus,
Gal4-EedAl (aa 101 to 535) (Fig. 9C, compare Gal4-EedAl to
Gal4), while the deletion mutant missing both the N and C
termini of Eed, Gal4-EedA3 (aa 101 to 282), did not repress
the activity of this promoter (Fig. 9C, compare Gal4-EedA3 to
Gal4). This deletion analysis suggests that Eed may contain
two transcriptional repression domains, one in the N terminus

and the other in the C terminus, but in the COS cells the Eed
N terminus was consistently a more potent transcriptional re-
pressor than the C terminus of this molecule. The location of
the two Eed repressive domains is similar to the position of
transcription repression domains found in the other Drosophila
WD-40 repeat protein, Groucho (22, 39).

We next tested the transcriptional activity of the Gal4-Eed
protein in the human T-cell leukemia Jurkat cell line (23). The
reporter gene construct, Gal4-pGL3-Enhancer (Fig. 9A),
yielded low luciferase activity in Jurkat cells, and therefore, in
these cells we used instead the pGL3-Control plasmid, which
contains an SV40 promoter and an SV40 enhancer, into which
we inserted five Gal4 DNA elements upstream of the promoter
(Fig. 10A). In Jurkat cells there was a 17-fold repression of the
reporter gene activity with the expression of the full-length
Gal4-Eed fusion protein compared to that of the control (Fig.
10B, compare Gal4-Eed to Gal4). We found that Gal4-Eed
was consistently a more potent repressor of the Gal4-SV40
promoter-driven luciferase gene in Jurkat cells than it was a
repressor of the reporter gene driven by the Gal4-minimal
promoter in COS cells (Fig. 9 and 10, compare Gal4 to Gal4-
Eed). These considerable discrepancies may reflect differences
that exist between the two cell types.

Single nucleotide mutations within eed are responsible for
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FIG. 10. Effects of Gal4-Eed protein on transcription of the luciferase re-
porter gene in Jurkat cells. (A) Plasmids used in transient transfections. Reporter
plasmid: luciferase reporter gene pGL3-Control vector containing an SV40 pro-
moter (SV40) and an SV40 enhancer (Enh) with five Gal4-binding elements
(5XGal4). Expression plasmids: mammalian vector, pM1, was used for expres-
sion of either Gal4 DNA-binding domain alone (Gal4) or a fusion of Gal4
DNA-binding domain with either the full-length Eed (Gal4-Eed, aa 1 to 535) or
deletion mutants (Gal4-EedAl, aa 101 to 535; Gal4-EedA2, aa 1 to 101; and
Gal4-EedA3, aa 101 to 282). Fusion of Gal4 DNA-binding domain with the
full-length Eed containing either the Leu?**—Pro (Gal4-L290P) or Ile**’—Asn
(Gal4-1287N) mutation was also used. (B and C) Effect of expression of Gal4-
Eed fusion constructs on expression of the luciferase reporter gene (B) and
mapping of the Eed transcriptional repression domains (C) in Jurkat cells.
Expression plasmids (4 pg) with 1 pg of luciferase reporter plasmid were used
for cotransfections. Forty-eight hours after transfection, cells were analyzed for
luciferase activity. The data shown represent the means * standard errors of the
means of three independent experiments.

severe developmental abnormalities in mouse embryogenesis
(48). A mutation in the coding region, T'**°—C, which leads to
the substitution Leu**°—Pro (L290P), is lethal to the embryo,
while mutation T'°3!'—A, which leads to the substitution
I1e*®”—Asn (1287N), is hypomorphic (48). Both mutations are
localized within the second WD-40 repeat (Fig. 11). To gain
insight into molecular mechanisms that may be responsible for
these Eed developmental phenotypes, we generated Gal4-Eed
fusion proteins containing these mutations and tested their
transcriptional repression activity in Jurkat cells (Fig. 10A). In
a sharp contrast to the wild-type Gal4-Eed fusion protein (Fig.
10A, Gal4-Eed), expression of the Gal4-Eed fusion protein
containing either the hypomorphic mutation (Fig. 10A, Gal4-
1287N) or the lethal mutation (Fig. 10A, Gal4-1290P) en-
hanced (by 30 to 50%) rather than repressed the Gal4-SV40
promoter (Fig. 10B, compare Gal4-Eed, Gal4-1287N, and
Gal4-1290P to Gal4). These results suggest that the lethal and
the hypomorphic phenotypes that result from these eed gene
mutations may reflect abolition of the transcriptional repres-
sion exhibited by the wild-type Eed and that, as a result, these
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Eed mutants can no longer act as suppressors of homeotic
genes.

The coexpression of Gal4-Eed deletion mutants with (5XGal4)-
pGL3-reporter gene constructs in COS cells suggested that
Eed contains two transcription repression domains (Fig. 9C).
In COS cells, the N-terminal domain appeared to be a more
potent transcriptional repressor (fourfold repression) than the
domain in the C terminus (30 to 35% repression), which in-
cludes the WD-40 repeats. Since Eed exhibited stronger tran-
scriptional repression activity in Jurkat cells (Fig. 10) than in
COS cells (Fig. 9), we repeated mapping of the Eed transcrip-
tional repression domains in Jurkat cells (Fig. 10C). The Gal4-
EedAl fusion protein, which contains the WD-40 repeats but
lacks the N terminus, repressed the activity of the Gal4-SV40
promoter fivefold (Fig. 10C, compare Gal4-EedAl to Gal4),
while the expression of the Gal4-EedA2 fusion protein, which
contains only the first 101 aa of Eed, inhibited reporter gene
expression threefold (Fig. 10C, compare Gal4-EedA2 to Gal4).
In contrast, the Gal4-EedA3 fusion protein, a construct that
contains the middle portion of the Eed molecule, inhibited
luciferase expression by only 25% (Fig. 10C, compare Gal4-
EedA3 to Gal4). Thus, as in the COS cells transfections (Fig.
9C), the mapping series of experiments done in Jurkat cells
confirmed that Eed contains two separable transcription re-
pression domains (Fig. 10C), but in contrast to the COS cell
experiments, these results show that the C-terminal part of
Eed, which contains the WD-40 repeats, may possess higher
transcriptional repression activity in Jurkat cells than the Eed
N-terminal part, which binds K protein. These differences may
reflect differential expression of Eed protein partners in the
two cell types.

Eed exhibits transcriptional repression activity when teth-
ered to a promoter by the Gal4-K fusion protein. The yeast
two-hybrid screen (Fig. 1) and the in vitro binding experiments
(Fig. 6 to 8) revealed that Eed interacts with K protein. More-
over, the in vitro binding experiments allowed us to map the K
protein-binding domain to the Eed N terminus (Fig. 8), a
region that contains one of the two Eed transcriptional repres-
sion domains (Fig. 11). To explore the possibility that K pro-
tein participates in Eed-mediated transcriptional repression
activity, we tested luciferase reporter gene expression in Jurkat
cells driven by the (5§XGal4)-SV40 promoter in cotransfection
experiments with Eed and K protein (Fig. 12A). Coexpression
of Gal4-K protein with Eed inhibited the level of the luciferase
reporter gene activity 2.5-fold (Fig. 12B, compare Gal4-K +
Eed to Gal4-K). These results suggest that Eed can display
transcriptional repression activity when recruited to a target
promoter by K protein. Cotransfection of the Eed deletion
mutant that lacks the K protein-binding domain (EedAl) did

K protein-binding domain WD-40 repeat domain
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FIG. 11. Modular structure of Eed. Six (I to VI) WD-40 repeats (34) are
located in the C-terminal half (aa 237 to 532). The K protein-binding domain is
located in the N terminus (aa 47 to 95). Eed contains two transcriptional repres-
sion domains, one in the N terminus (aa 1 to 101) and one in the C terminus (aa
283 to 535).

Transcriptional repression
domain Il
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FIG. 12. Effects of Eed on transcription of the luciferase reporter gene when
recruited to the target promoter by Gal4-K protein. (A) Plasmids used in tran-
sient transfections in Jurkat cells. Reporter plasmid: same as in Fig. 10A. Ex-
pression plasmids: mammalian vector, pM1, was used for expression of either
Gal4 DNA-binding domain alone (Gal4) or a fusion of Gal4 DNA-binding
domain with the full-length K protein (Gal4-K, aa 1 to 464). The pM1 vector with
the Gal4 DNA-binding domain deleted was also used to express the full-length
K protein (K, aa 1 to 464), full-length Eed (Eed, aa 1 to 535), and an Eed
deletion mutant lacking the K protein-binding domain (EedAl, aa 101 to 535).
(B) Effect of coexpression of Eed variants with K protein constructs on luciferase
reporter gene activity. The symbols below each column designate which plasmid
was (+) or was not (—) used in the cotransfection experiments with the luciferase
reporter gene. K protein plasmid constructs (1 pg) and 3 pg of Eed plasmid
constructs with 1 pg of luciferase reporter plasmid were used for cotransfections.
The total amount of DNA was adjusted with pM1 plasmid. Forty-eight hours
after transfection, cells were pelleted and analyzed for luciferase activity. The
final values were normalized for protein concentration. The data shown repre-
sent means * standard errors of the means of three independent experiments.

not significantly affect the luciferase reporter gene activity (Fig.
12B, compare Gal4-K + EedAl to Gal4-K). Similarly, there
was no effect on the reporter gene expression when Gal4
DNA-binding domain (Fig. 12B, Gal4) was co-transfected with
the full-length Eed or when the full-length K protein without
Gal4 DNA-binding domain (Fig. 12B, K) was co-transfected
with the full-length Eed (Fig. 12B, compare Gal4 + Eed and
K + Eed to Gal4-K). These experiments provide further evi-
dence that Eed and K protein interact in vivo and that recruit-
ment of Eed to a target promoter by K protein can allow Eed
to repress gene transcription. Thus, results from these series of
cotransfection experiments may reflect involvement of K pro-
tein in Eed-mediated transcriptional repression.

DISCUSSION

Using the yeast two-hybrid screen, we have identified a novel
K protein molecular partner that contains a nearly 450-aa-long
domain that is similar to the protein encoded by the Drosophila
extra sex combs gene (esc) (Fig. 2) (25, 47). esc belongs to the
polycomb group of genes that restrict expression of homeotic
genes in domains along the anterior-posterior axis (50). During
the course of our work Schumacher et al., using a positional-
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cloning method, isolated a murine cDNA (48) with a sequence
identical to the cDNA that we cloned. They have demonstrated
that mutation in this gene, previously denoted eed (for embry-
onic ectoderm development), is responsible for altered anteri-
or-posterior patterning in mice (48). Remarkably, one of the
known point mutations in eed is lethal to the embryo, under-
scoring the critical role of this gene in mouse embryonic de-
velopment. Based on these observations, Eed is considered to
be a global regulator of anterior-posterior patterning (20, 48).
Thus, it appears that the structural similarity between Esc and
Eed is reflected in their similar developmental roles in the
respective species.

We found that the Eed mRNA is abundant in lymphocytes
but present at low levels in fibroblasts and several mouse tis-
sues (Fig. 3 and data not shown). This tissue distribution of
Eed mRNA correlates with that of several other mammalian
Polycomb group transcripts, such as Bmi-1 or EZH (1, 3, 11,
13). Polycomb group genes are likely to have similar tissue
distributions because they form multimeric complexes (3) and
cooperate to suppress gene expression (50). The role of Eed
and other Polycomb group proteins in embryonic development
has been extensively explored and is currently reasonably well
defined (20, 48-50). In contrast, the role of these genes in the
adult tissue is poorly understood. bmi-1 knockout mice exhibit
hematologic and immunologic abnormalities (3), suggesting
that this Polycomb group protein may be involved in hemato-
poiesis and in lymphocyte development. The tissue distribution
of Eed (Fig. 3 and data not shown) suggests that in adult
organisms Eed might also be involved in these processes.

Both Esc and Eed contain six WD-40 repeats that span an
over-300-aa stretch in the C terminus. WD-40 domains are
highly conserved, usually 40 aa long, and end with Trp-Asp
(WD-40). They were first identified in the B subunit of the
heterotrimeric GTP-binding proteins (G proteins). Subse-
quently, WD-40 repeats were found to regulate a multitude of
cellular processes and to be ubiquitously expressed in eukary-
otic cells. On the molecular level, WD-40 repeats are thought
to mediate both protein-protein and protein-nucleic acid in-
teractions (34). Relevant to transcriptional processes, the
WD-40 repeats were found in Tupl, a protein known to re-
press transcription of a number of genes in yeast (31, 54), and
in Drosophila TAF ;80 and its human homolog, TF;100 (18),
which are components of the TFIID transcriptional complex
(14). The protein Groucho, which is involved in the control of
Drosophila neurogenesis, segmentation, and sex determina-
tion, also contains a WD-40 repeat domain in its C-terminal
half (22, 39). Both the lethal and the hypomorphic mutations
of Eed are present in the WD-40 repeats (48), indicating that
these repeats play a key role in mediating the interactions of
Eed with its molecular partners. A number of mutations of Esc
that render it ineffective as a repressor of homeotic gene ex-
pression have likewise been mapped to the WD-40 repeats.

Although the C-terminal halves of Eed and Esc are remark-
ably similar, a domain that would resemble the N-terminal
domain of Eed is absent in Esc. Notably, the Eed N terminus
is crucial for K protein binding (Fig. 12). Inasmuch as their
developmental function appears to be analogous, the func-
tional significance of this major structural difference that exists
between Eed and Esc structures is not clear. Nonetheless, it is
conceivable that one of the Esc protein partners might provide
the missing domain that allows the Drosophila K protein-like
partner to interact with Esc.

Elegant studies done with Drosophila have provided evi-
dence that Esc acts as a repressor of homeotic gene expression
(47, 50), but until now no direct studies have been done to
define Esc or Eed transcriptional activity. Using GAL4-Eed
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fusion protein, we found that Eed can repress transcription of
a reporter gene driven by a promoter that contains GALA4-
binding motifs. Eed could be a very potent transcriptional
repressor, because in some Jurkat cell experiments, Gal4-Eed
inhibited the strong SV40 promoter as much as 30-fold. The
potent Eed-mediated transcriptional repression of target pro-
moters (Fig. 10) could therefore, at least in part, explain the
Eed-restricted expression of homeotic genes in embryonic de-
velopment.

Mapping experiments in COS and Jurkat cells (Fig. 9 and
10) suggest that Eed contains two transcriptional repression
domains, one in the N terminus, where K protein binds, and
the other in the C-terminal half of the protein, where the
WD-40 repeats are located (Fig. 11). Although in both COS
and Jurkat cells Eed displayed two transcriptional repression
domains, the relative potency of each domain was different in
the two cell lines. While in Jurkat cells the C terminus was a
potent transcriptional repressor, the same domain in COS cells
was a weak repressor of reporter gene expression (compare
Fig. 9C and 10C). The different extent of Eed-mediated tran-
scriptional repression in COS and Jurkat cells, and the differ-
ent relative potencies the two transcriptional repression do-
mains, may reflect differential expression of Eed protein
partners in the two cell lines.

To gain more insight into the molecular mechanism that may
be responsible for the Eed-mediated suppression of homeotic
genes, we tested the effects of either the lethal mutation
Leu?*°—Pro or the hypomorphic mutation Ile**”—Asn (48) on
the transcriptional activity of Eed. In a sharp contrast to the
potent transcriptional repressor activity of the wild-type Gal4-
Eed, both the Leu?**°—Pro and the Ile?®’—Asn Gal4-Eed mu-
tants failed to inhibit the target Gal4-SV40 promoter (Fig. 10).
These results suggest that a lack of the transcriptional repres-
sor activity of these Eed mutants is responsible for the defects
in the embryonic development described for these eed gene
mutations. It seems that these mutations either dramatically
alter the overall structure of Eed, thereby altering the tertiary
structure of the WD-40 domain and masking the N-terminal
transcriptional repression domain, and/or the altered WD-40
domains bind a protein or a protein complex that then masks
both the C- and the N-terminal transcription repression do-
mains.

The observation that Eed contains two transcriptional re-
pression domains shows that it is similar to Groucho, which
also contains N- and C-terminal transcription repression do-
mains (22). Groucho is thought not to bind DNA by itself but
rather to be recruited to target promoters through interaction
with WRPW domains that are present in the Hairy-related
basic helix-loop-helix proteins (22, 39). Once recruited to DNA
by proteins, such as the Drosophila Hairy, Groucho is able to
repress expression of target genes by mechanisms that are yet
to be defined.

The structure and function of Eed are also reminiscent of
yeast Tupl, which contains two discrete transcriptional repres-
sion domains and, like Eed, contains WD-40 repeats (31, 52—
54). Tupl is recruited to specific promoters by direct associa-
tion with DNA-binding proteins like the o2 factor (31) or by an
association with DNA-binding proteins, such as Migl or Rox1,
through its close partner, Cyc8(Ssn6) (52, 53). The direct as-
sociation between Tup1 and o2 is mediated by one of the seven
WD-40 repeats (31). Cyc8 is made up of tandem TPR motifs,
some of which serve to anchor Tupl while others are used to
recruit Tup1-Cyc8 complex to the cognate DNA proteins, such
as Mig and Rox1 (53). Molecular partner(s) of Eed or Esc that
may play a role similar to that of Cyc8 have not been identified,
but it is conceivable that Cyc8-like function is provided by K
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protein. This postulate is supported by our observation that
recruitment of Eed by Gal4-K protein inhibits activity of a
target promoter (Fig. 12). This idea is further supported by the
observation (17a) that, like Cyc8, which binds the zinc finger
repressor Migl (52), K protein also interacts with the zinc
finger transcriptional repressors, such as Zikl (17) and Kidl
(58). Although results of the present study suggest that the K
protein could be involved in the Eed-mediated transcriptional
repression, Eed, like Tupl, is likely to interact with multiple
factors, some of which may act as corepressors. This postulate
is supported by the observation that Polycomb group proteins
can exist in multimeric complexes (3). It is also conceivable
that, depending on the target promoter, Eed-mediated tran-
scriptional effects may be mediated or facilitated by a different
set of protein partners, which may include K protein. K pro-
tein, through its action as a docking platform (9), could help to
assemble a multimeric complex that would allow Eed to di-
rectly or indirectly interact with multiple factors.

Tupl-Cyc8 is thought to repress transcription both by inter-
fering with the general transcriptional machinery (26) and by
affecting chromatin structure (19, 43). A similar mechanism for
repression of homeotic genes has been proposed for Esc (25).
Given the observation that Eed appears to contain two sepa-
rate transcription repression domains (Fig. 11), it is possible
that, like Tupl-Cyc8, Eed may repress transcription by two
mechanisms. (i) The Eed repression domain within the WD-40
repeat domain prevents a factor like TF;100 (TF;80), which
contains WD-40 repeats (18), from recruiting a WD-40 ligand
that might be necessary for the transcriptional activity of the
TFIID complex. (ii) The repression domain in the Eed N
terminus may maintain a repressive chromatin structure (15,
38) through interaction with histones or other chromatin pro-
teins. This postulated mechanism is based on the observation
that yeast Tup1, which appears to share some similarities with
Eed, interacts with histones H3 and H4 (19). If repression by
Eed is the result of chromatin nucleation and interference with
the general transcription factors, it is conceivable that K pro-
tein might be involved in both of these repressive processes.
Considering the observation that K protein is phosphorylated
in response to growth factors (36, 55, 56), involvement of K
protein would provide a way of regulating the Eed-mediated
transcriptional repression by extracellular ligands.
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