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In the early Caenorhabditis elegans embryo, maternally expressed PIE-1 protein is required in germ-line
blastomeres to inhibit somatic differentiation, maintain an absence of mRNA transcription, and block
phosphorylation of the RNA polymerase II large subunit (Pol II) carboxy-terminal domain (CTD). We have
determined that PIE-1 can function as a transcriptional repressor in cell culture assays. By fusing PIE-1
sequences to the yeast GAL4 DNA-binding domain, we have identified a PIE-1 repression domain that appears
to inhibit the transcriptional machinery directly. A sequence element that is required for this repressor
activity is similar to the Pol II CTD heptapeptide repeat, suggesting that the PIE-1 repression domain might
target a protein complex that can bind the CTD. An alteration of this sequence element that blocks repression
also impairs the ability of a transgene to rescue a pie-1 mutation, suggesting that this repressor activity may

be important for PIE-1 function in vivo.
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Maternally expressed PIE-1 protein is required in Cae-
norhabditis elegans for specification of embryonic cells
(termed blastomeres) that give rise to the germ line
(Mello et al. 1992). PIE-1 protein is present in the oocyte,
and after fertilization it is segregated predominantly to
the germ-line blastomere lineage, in which it accumu-
lates in nuclei (Mello et al. 1996; Tenenhaus et al. 1998).
Whereas somatic blastomeres activate mRNA transcrip-
tion by the four-cell stage, germline blastomeres do not
appear to produce any mRNAs until PIE-1 disappears at
approximately the 100-cell stage (Seydoux et al. 1996). In
the absence of PIE-1, however, germ-line and somatic
blastomeres initiate mRNA transcription at the same
time (Seydoux et al. 1996), and germ-line blastomeres
differentiate in response to intrinsic maternally ex-
pressed transcription factors, adopting fates similar to
those of their somatic sisters (Mello et al. 1992). These
findings suggest that PIE-1 blocks differentiation in the
germ line by inhibiting gene transcription (Mello et al.
1996; Seydoux et al. 1996). Germ-line blastomeres also
appear to be transcriptionally inactive in the Drosophila
embryo (Lamb and Laird 1976; Zalokar 1976; Kobayashi
et al. 1988; Seydoux and Dunn 1997; Van Doren et al.
1998), indicating that a general transcriptional block
may be a conserved aspect of germ cell specification.
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During eukaryotic mRNA transcription, the RNA
polymerase II large subunit (Pol II) carboxy-terminal do-
main (CTD) is phosphorylated upon the transition from
initiation to elongation (for review, see Dahmus 1996).
The CTD consists of tandem repeats of the sequence
Tyr-Ser-Pro-Thr-Ser-Pro-Ser (YSPTSPS), in which the
serines at positions 2 and 5 are the major phosphoryla-
tion targets (Zhang and Corden 1991; West and Corden
1995; Patturajan et al. 1998). Multiple lines of evidence
indicate that the CTD is bound by regulatory compo-
nents of the general transcriptional machinery, as well as
by protein complexes that mediate mRNA capping, pro-
cessing, and termination, and that it thereby integrates
transcription initiation with subsequent elongation and
mRNA processing events (Thompson et al. 1993; Cho et
al. 1997, McCracken et al. 1997a,b; Neugebauer and
Roth 1997; Myers et al. 1998). In C. elegans embryos, an
antibody epitope corresponding to CTD phosphoserine 2
appears in somatic cells when embryonic transcription
begins (Seydoux and Dunn 1997). This phosphoepitope is
not detected in germ-line blastomeres in the presence of
PIE-1 but is expressed in these cells in pie-1 mutant em-
bryos. In contrast, PIE-1 does not completely inhibit ap-
pearance of an epitope corresponding to phosphoserine 5
and does not appear to block transcription by RNA poly-
merase I (Seydoux and Dunn 1997). These findings sug-
gest that transcription by Pol II is specifically prevented
by PIE-1 and that this inhibition may occur prior to
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phosphorylation of CTD serine 2 (Seydoux and Dunn
1997).

To maintain transcriptional silencing in germ-line
blastomeres, it is possible that PIE-1 inhibits the tran-
scriptional machinery directly, a model that is consis-
tent with its presence in nuclei. Alternatively, PIE-1
could be required for a signal that prevents the onset of
embryonic transcription, or it might regulate expression
or modification of an essential transcriptional machin-
ery component. The PIE-1 protein contains two central
Cys-Cys-Cys-His (C;H) zinc fingers that are separated by
an Arg- and Ser-rich sequence that includes Arg-Ser (RS)
dipeptide repeats (Fig. 1A; Mello et al. 1996). Other C;H

c >
B (204-335)
(94-218) *——»
D —
R/S rich

B

A
(1-99)

PIE-1 1 | ] 335

Zn

] 319

sites

POS-1 1 [ ] 264 pBLCAT2

8

% CAT activity
2

% CAT activity

GAL4
(1-147)

GAL4
(1-147)

PIE1FL  PIEE1A PIE1B PIE1 C

* —
> -
B Lol &
NEARP A
%,’\k Q\(" q{" <

GAL4 (1-147)
fusion

5x GAL4

PIE-1 FL

pGAL4-TKCAT

promoter q CAT

pBLCAT2

PIE-1 A

promoter

Transcriptional repression by C. elegans PIE-1

zinc finger proteins have been implicated in mRNA
binding, cleavage, or processing (Barabino et al. 1997;
Murray et al. 1997; Rudner et al. 1998) or in post-tran-
scriptional gene regulation (Guedes and Priess 1997;
Carballo et al. 1998; Tabara et al. 1999). Proteins with RS
repeats are associated with pre-mRNA splicing (for re-
view, see Valcarcel and Green 1996). These features sug-
gest that PIE-1 or associated proteins might bind RNA,
but they do not discriminate among possible models for
PIE-1 function.

If PIE-1 inhibits transcription directly, by acting on a
component of the Pol II transcriptional machinery, it
would be predicted to act on an evolutionarily conserved

Figure 1. PIE-1 contains a powerful tran-
scriptional repression domain. (A) Sche-
matic diagram of the PIE-1 (Mello et
al. 1996), mouse TTP (Lai et al. 1990), and
C. elegans POS-1 (Tabara et al. 1999)
C;H zinc finger proteins. Residues that
are fused to the GAL4(1-147) DNA-bind-
ing domain are marked by arrows and
indicated in parentheses. The boundaries
of these regions were chosen on the basis
of the location of the respective zinc fin-
gers. The PIE-1 zinc finger regions span
residues 99-123 and 185-208, those of
TTP span 96-120 and 134-158, and those
of POS-1 span 99-122 and 142-166. (B)
Expression of GAL4(1-147) PIE-1 fusions
in HeLa cells. Immunoblot of whole cell
extracts from transfected HeLa cells
probed with anti-GAL4(1-147) antibodies.
Arrows indicate specific bands, and the as-
terisk a nonspecific band. Other GAL4(1-
147) fusion proteins were expressed at
similar levels (not shown). (C) Reporter
constructs. pPGAL4-TKCAT contains five
GAL4 sites upstream of a HSV TK pro-
moter that drives the CAT reporter gene
(Shi et al. 1991). pPBLCAT?2 is an equivalent
plasmid without GAL4 sites (Luckow
and Schutz 1987). (D) Tethered repression
by GAL4(1-147) PIE-1 fusions. HeLa cells
were cotransfected with 1 pg of GAL4{1-
147) effector plasmid and 5 pg of pGAL4-
TKCAT reporter plasmid. Each data point
represents the mean relative CAT activity
compared to that of GAL4(1-147) alone
(100%). Fold repression is indicated above
each bar. (E) Assayed as in D, except
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target, because the eukaryotic transcriptional apparatus
is highly conserved (Orphanides et al. 1996; Hampsey
1998). This hypothesis also predicts that PIE-1 would
contain regions that repress transcription when brought
to a promoter. We have tested these predictions in hu-
man cell transfection assays and have determined that
PIE-1 contains sequences that repress transcription
when they are tethered to promoters through a yeast
GAL4 DNA-binding domain. This repression domain is
located outside of the PIE-1 zinc finger region, within the
carboxy-terminal one-third of the protein. It appears to
act directly on the Pol I transcriptional machinery and is
composed of multiple sequence elements. One of these
elements is similar to a CTD heptapeptide repeat and is
required for the repressor activity, suggesting that the
PIE-1 repression domain might target a protein complex
that interacts with the CTD. A disruption of the CTD-
like sequence motif that blocks repression also substan-
tially decreases the efficiency of transgenic rescue of a
pie-1 mutation, suggesting that this repressor activity
may be a normal aspect of PIE-1 function in vivo.

Results

Repression of transcription by PIE-1 regions

To determine whether the PIE-1 protein has transcrip-
tional repressor activity, we have linked full-length
PIE-1 and three PIE-1 regions (PIE-1 A, B, and C; Fig. 1A)
to the yeast GAL4 DNA-binding domain (residues
1-147), which can be targeted to heterologous promoters
through its binding site. This approach has allowed us to
test directly for repressor activity in cultured human
cells, without requiring any species- or cell-type-specific
factors that might otherwise be involved in targeting
PIE-1 to transcription complexes. We have assayed the
effects of these fusion proteins (Fig. 1B; not shown) on
the pGAL4-TKCAT reporter, which contains five GAL4
sites adjacent to a herpes simplex virus thymidine kinase
(HSV TK) promoter (Fig. 1C; Shi et al. 1991). Consistent
with previous reports (Williams et al. 1995), GAL4(1-
147) activates transcription of pGAL4-TKCAT approxi-
mately threefold in this assay (not shown). Compared to
GAL4(1-147) alone, the GAL4(1-147) full-length PIE-1
fusion protein represses transcription from pGAL4-TK-
CAT approximately sevenfold (PIE-1 FL; Fig. 1D).
GAL4(1-147) PIE-1 A represses this reporter by approxi-
mately fourfold, and GAL4(1-147) PIE-1 B by ninefold
(Fig. 1D). Significantly, the GAL4(1-147) PIE-1 C fusion
represses pGAL4-TKCAT by 23-fold (Fig. 1D), suggest-
ing that in this assay, this more powerful repressor ac-
tivity might be masked in the context of the GAL4(1-
147) full-length PIE-1 fusion protein. These fusion pro-
teins do not repress a control reporter (P BLCAT2) that
lacks GALA4 sites (Fig. 1C,E), indicating that their repres-
sor activities are dependent on tethering to the promoter.

We have also assayed for repression activity in the ab-
sence of any activation by GAL4, by fusing these three
PIE-1 regions to the minimal GAL4 DNA-binding do-
main (residues 1-95). The GAL4(1-95) PIE-1 B and the
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GAL4(1-95) PIE-1 C fusions repress transcription from
the pGAL4-TKCAT reporter by 14- and 99-fold, respec-
tively (Fig. 1F). In contrast, the effect of GAL4(1-95)
PIE-1 A is very weak (Fig. 1F), suggesting that the activ-
ity of PIE-1 A in Figure 1D derives from an effect on
activation by GAL4(1-147). With the exception of a
weak repression by GAL4(1-95) PIE-1 B, these fusion
proteins do not not inhibit the pBLCAT2 control re-
porter (Fig. 1C,G), indicating that their effects are site
dependent. These experiments demonstrate that the
PIE-1 B and C regions each have a robust tetherable re-
pressor activity.

To investigate whether these repressor activities
might be a general characteristic of the C;H zinc finger
protein family, we have tested whether two other C;H
zinc finger proteins, mouse TTP (also known as Nup475
and TIS11; DuBois et al. 1990; Lai et al. 1990; Varnum et
al. 1991) and C. elegans POS-1 (Tabara et al. 1999; Fig.
1A), have similar repressor activities in our assay. Nei-
ther of these proteins are predicted to function as tran-
scriptional repressors: TTP is stimulated by growth fac-
tors (DuBois et al. 1990; Lai et al. 1990; Varnum et al.
1991) and is involved in regulating expression of the cy-
tokine tumor necrosis factor-a at a post-transcriptional
level (Carballo et al. 1998); POS-1 is a predominantly
cytoplasmic protein involved in C. elegans germ-line de-
velopment (Tabara et al. 1999). The PIE-1, TTP, and
POS-1 zinc fingers are similar, but these last two pro-
teins lack the RS-rich intervening region present in PIE-1
(Fig. 1A). Like the PIE-1 B region, the TTP and POS-1
zinc finger regions (Fig. 1A) each repress transcription in
a site-dependent manner when fused to GAL4(1-147)
(Figs. 1D,E, and 2A,B). This finding suggests that the re-
pressor activity of these zinc finger regions should be
interpreted cautiously, given that the latter two proteins
are not predicted to be transcription factors. Unlike PIE-
1, however, TTP and POS-1 lack any other regions that
have repressor activity in this assay (not shown), indi-
cating that the repressor activity in the C region is par-
ticular to PIE-1.

Analysis of the PIE-1 carboxy-terminal
repression domain

The repression domain in the PIE-1 C region (Fig. 1D,F)
appears to be comparable in activity to strong repression
domains, such as those of the Drosophila Knirps and
Engrailed proteins (Han and Manley 1993; Gerwin et al.
1994). The GAL4(1-95) PIE-1 C fusion protein represses
a reporter in which five GAL4 sites are located 2 kb from
the SV40 enhancer/promoter (pSVEB-G; Fig. 3A) (Wein-
traub et al. 1995), but not the corresponding control re-
porter lacking GAL4 sites (pSVEB; Fig. 3B). This finding
indicates that repression by the PIE-1 C region is neither
derived simply from steric effects nor specific to the HSV
TK promoter, and requires recruitment only to the gen-
eral vicinity of a promoter.

Within the PIE-1 C region (amino acids 204-335; Fig.
4A), positions 224-275 are rich in prolines and gluta-
mines, residues that are often found in repressor do-
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mains (for review, see Cowell 1994; Hanna-Rose and
Hansen 1996). The PIE-1 C region also contains three
distinct sequence motifs. Residues 224-266 are similar
to sequences in the transcription factors HLX1, En-1, and
Oct-6 (Fig. 4B), all of which are involved in cell differen-
tiation (Deguchi et al. 1992; Jaegle et al. 1996; Loomis et
al. 1996; Anderson et al. 1997), but the function of this
sequence in these proteins is not known. The PIE-1 resi-
dues that are related to all three of these proteins (224—
242; Fig. 4A,B) are referred to as the HLX homology re-
gion. The area between residues 240 and 278 contains
two repeats of the motif QQXZPFPZ, where Z is hydro-
phobic (Fig. 4A). Finally, residues 283-292 are similar to
a portion of the Pol II CTD (Fig. 4A,C). This sequence
contains a CTD-related heptapeptide motif (YAPMAPT),
along with flanking residues, and differs from the CTD
only by conservative substitutions, primarily at posi-
tions that would be phosphorylated. In particular, the
central YAPMAPT sequence contains alanines in place
of CTD serines 2 and 5 (Fig. 4C), which are important for
transcription (West and Corden 1995; Dahmus 1996).
Significantly, the tyrosines and prolines that are critical
for recognition of the CTD repeat by kinases (Hengartner
et al. 1998) are intact in the YAPMAPT motif and sur-
rounding residues (Fig. 4C), suggesting that its structure
is likely to be very similar to that of the CTD consensus.

To identify important residues within the PIE-1 C re-
gion, we have assayed the repressor activities of GAL4(1-

TIP B

Figure 2. Repressor activity of the TTP
(Nup475, TIS11) and POS-1 C;H zinc finger
regions. (A) HeLa cells were cotransfected with
1 pg of GAL4(1-147) TTP B or GAL4(1-147)
POS-1 B and 5 pg of pGAL4-TKCAT reporter
plasmid. (B) As in A, except 5 pg of pPBLCAT2
reporter plasmid was used. Data are displayed
as in Fig. 1. TTP regions that were tested and
found to lack repressor activity in this assay
were residues 1-96 and 159-319, and similarly
inactive POS-1 regions were 1-99, and 167-
264 (not shown).

POS-1B
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147) subregion fusion proteins that were constructed
based on these sequence elements (Fig. 5A). All of these
PIE-1 C subregion fusions are expressed at levels compa-
rable to that of GAL4(1-147) PIE-1 C (Fig. 1B; not
shown). Residues 223-304 repress pGAL4-TKCAT to an
extent similar to PIE-1 C (>20-fold, Fig. 5B), indicating
that residues 204-222 and 305-335 are not required for
repression. Removal of the HLX homology region (Fig.
4A) decreases the degree of repression to approximately
eightfold (residues 240-303; Fig. 5A,B), and further dele-
tion from either end of this minimal repression domain
abolishes repression entirely (240-278 and 256-304; Fig.
5A,B). In each case, repression is dependent on recruit-
ment to the GAL4 sites (Fig. 5C). These experiments
indicate that the minimal sequence capable of repression
consists of the two QQXZPFPZ repeats, together with
the region containing the YAPMAPT motif (residues
240-303; Fig. 5A,B). However, the complete PIE-1 repres-
sion domain, as defined by the smallest region capable of
full activity (residues 223-304) also includes the HLX
homology region (Figs. 4A and 5A,B).

Multiple subregions that constitute only part of, or
that surround, the complete repression domain (residues
223-304) activate pGAL4-TKCAT transcription (Fig.
5A,B). For example, various fragments of the minimal
repression domain (240-303) activate transcription
through the GAL4 sites (240-278, 256-304, and
279-304), as do residues 305-335 (Fig. 5A,B). Similarly,
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Figure 3. The tethered PIE-1 C region can
repress transcription from a distance. (A)
Repression of the pSVEB-G reporter (Wein-
traub et al. 1995). HeLa cells were cotrans-
fected with 1 pg of GAL4(1-95) PIE-1 C and
5 pg of reporter. Data are displayed as in
Fig. 1. (B) Effect of the PIE-1 C region on the
pSVEB control reporter, assayed as in A.
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Figure 4. PIE-1 C region sequence motifs.
(A) The PIE-1 C region (Fig. 1A). The HLX
homology region, two repeated motifs, and
the CTD-like YAPMAPT sequence are in-
dicated. Residues that delimit some PIE-1
carboxy-terminal subregions are marked by
residue number, and the complete C region
repression domain (Fig. 5B) by arrows. (B)
PIE-1 C region sequences aligned with the
indicated transcription factors (Suzuki et
al. 1990; Logan et al. 1992; Kennedy et al.
1994) using the MegAlign tool. (C) The
YAPMAPT motif. This sequence is aligned
with a consensus CTD repeat motif
(YSPTSPS), which is in the context of adja-
cent repeats.
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although subregion 240-335 represses pGAL4-TKCAT
slightly, residues 256-335 activate this reporter [BO-fold
(Fig. 5A,B). Given that recruitment of the transcriptional
machinery is an important mechanism of activation
(Ptashne and Gann 1997; Keaveney and Struhl 1998), the
activator capability uncovered in these repressor domain
fragments suggests that they can help recruit the tran-
scriptional machinery to the reporter. This observation
suggests that the PIE-1 C region interacts directly with
the transcriptional machinery, and when it is intact is
therefore more likely to inhibit a component of this ma-
chinery directly than to recruit a distinct inhibitory co-
repressor complex.

Importance of the YAPMAPT motif for PIE-1 function

To test whether the CTD-related YAPMAPT motif
might be important for repression, we have mutated or
deleted this sequence (Fig. 4C) within both the minimal
repression domain (residues 240-303; Fig. 6A), and the
complete PIE-1 C region (residues 204-335; Fig. 6D). In
the context of the minimal repression domain, which
lacks the HLX homology region (Fig. 4A), either trunca-
tion of this motif at YAP(240-287; Fig. 6A), or its dele-
tion together with the adjacent tyrosine (240-304 DS§;
Fig. 6A) abolishes repressor activity (Fig. 6B). Subtle mu-
tation of the YAPMAPT motif to a ‘phosphorylatable’
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Figure 5. Dissection of the PIE-1 C region repression domain. (A) Schematic representation of PIE-1 C and its subregions, all tested
as GAL4(1-147) fusions in B. The HLX homology region shaded, repeats (hatched areas), and YAPMAPT motif (solid areas) (Fig. 4A)
are indicated. (B) Repression or activation by GAL4 PIE-1 C subregions. HeLa cells were cotransfected with 1 ng of GAL4(1-147) fusion
construct and 5 png of pGAL4-TKCAT reporter plasmid. (C) Effects of the PIE-1 C subregions on the pBLCAT?2 reporter (5 ng), assayed
as in B. Each bar represents the mean relative CAT activity, compared to that of GAL4(1-147) and reporter. Error bars indicate the

standard deviation derived from three separate transfections.
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The YAPMAPT motif is required for the PIE-1 C region repressor activity. (A) Mutation of the YAPMAPT motif in the

CTD serines (Dahmus 1996) are marked by an asterisk. (B) Repression

or activation by the GAL4(1-147) fusions described in A. HeLa cells were cotransfected with 1 pg of GAL4(1-147) fusion construct and
5 ng of pGAL4-TKCAT reporter. (C) Effects of the proteins described in A on the pBLCAT?2 reporter plasmid, assayed as in B. (D)

Mutation of the YAPMAPT sequence within the complete PIE-

1 C region, diagrammed as in A. (E) Repression of pGAL4-TKCAT by

the GAL4(1-147) fusions described in D, assayed as in B. In this experiment, repression by GAL4(1-147) PIE-1 C was greater than in
Fig. 1D. (F) Effects of the proteins described in D on the pBLCAT?2 reporter plasmid, assayed as in E. Data are graphed as in Fig. 5. (G)

Mutations within the PIE-1 C 209-303 subregion (Fig. 5A). (H)
in G, assayed as in B. (I) Effects of the proteins described in G

CTD-like sequence (YSPTSPT) also abolishes the repres-
sion activity of the minimal domain (240-303 STS; Fig.
6A,B) but not the more robust activity of the complete
PIE-1 C region (PIE-1 C STS; Fig. 6D,E). However, a non-
conservative alteration of the YAPMAPT motif to
DAQMEQT (PIE-1 C DQEQ; Fig. 6D) virtually elimi-
nates repression by the complete PIE-1 C region (Fig. 6E).
The repressor activity of residues 209-303, which in-
clude the complete repression domain (Figs. 4A and 5), is
similarly impaired by conversion of YAPMAPT to
DAQMEQT (209-303 DQEQ; Fig. 6G,H) but not by sub-
stitution of Lys-Leu (KL) for positions 256-268 (209-303
AR2; Fig. 6G,H), demonstrating that a major alteration
can be tolerated within a different region of this domain.

Repression of pGAL4-TKCAT by the GAL4(1-147) fusions described
on the pBLCAT?2 reporter.

These results indicate that the YAPMAPT motif is im-
portant for activity of the PIE-1 repression domain.

To determine whether this repressor activity is impor-
tant for PIE-1 function in vivo, we investigated whether
alteration of the YAPMAPT motif impairs the ability of
a transgene to rescue a pie-1 mutation. We mutated this
sequence to YSPMSPT and DAQMEQT within a full-
length pie-1 transgene and assayed the ability of these
mutants to rescue the maternal-effect lethality of a pie-1
null allele (zu154; Mello et al. 1992). Because standard
techniques do not permit robust maternal expression of
transgenes, we expressed these pie-1 transgenes using
the recently developed complex array method (Kelly et
al. 1997), with which transgene expression can be sus-
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tained over a few generations. In this assay, most F, ani-
mals (81%) that carried a wild-type transgene produced
multiple live progeny that included fertile animals
(Table 1). The YSPMSPT transgene rescued at a compa-
rable frequency (Table 1), a finding that is consistent
with the repressor activity of the GAL4 PIE-1 C STS
fusion protein (Fig. 6D,E). In contrast, only 25% of the
DAQMEQT transgenic F, animals produced any fertile
progeny, and 44% produced only dead embryos (Table 1).
Antibody staining indicated that these transgenic pro-
teins were localized properly (not shown), but we were
unable to compare levels of expression directly because
of the transient nature of this in vivo assay. However, in
parallel experiments in which these transgenes were
tagged with green fluorescent protein (GFP), all three
proteins were localized normally to the germ lineage and
expressed at comparable levels (not shown). Although
we cannot exclude that some differences in transgene
expression might not have been detected in these assays,
the finding that the DAQMEQT mutation impairs the
frequency of rescue by a pie-1 transgene (Table 1) is con-
sistent with the model that the C region repressor activ-
ity is important for PIE-1 function in vivo.

Discussion

Previous studies have determined that the pie-1 gene
product is required for specification of the C. elegans
embryonic germ cell lineage and for the lack of mRNA
transcription in these cells (Mello et al. 1992, 1996; Sey-

Table 1. Transgenic rescue of pie-1 by YAPMAPT mutants

doux et al. 1996; Seydoux and Dunn 1997). We have now
shown that the PIE-1 protein contains a transcriptional
repression domain that, when tethered to promoters in
mammalian cells, can inhibit a conserved aspect of the
transcriptional machinery. The complete PIE-1 repres-
sion domain (residues 223-304; Fig. 4A) consists of the
HLX homology region, two hydrophobic-rich repeats,
and a region that contains the CTD-like YAPMAPT mo-
tif. Its repressor activity is decreased by removal of the
HLX homology region and abolished by subsequent de-
letion of the first repeat element (Figs. 4A and 5). How-
ever, the second repeat element is not required (209-303
AR2; Fig. 6G,H), suggesting that these repeats may be
redundant in the context of the full domain. In contrast,
disruption of the YAPMAPT motif prevents repression
(Fig. 6B,E H). These data indicate that multiple distinct
sequence elements are important for the repressor activ-
ity in the PIE-1 C region.

Transcriptional repression and PIE-1 function

To investigate whether this repressor activity might
be required for PIE-1 function in vivo, we have mutated
the YAPMAPT motif to YSPMSPT and DAQMEQT in
the context of a pie-1 transgene, and assayed the capa-
bility of these transgenes to rescue a null pie-1 mutation
(Table 1). Maternally expressed transgenes are highly
susceptible to germ-line silencing in C. elegans, and
our experiments represent the first application of a new
technique (Kelly et al. 1997) to investigate how the mo-

No. of F,s with

No. of F,s with all No. of F,s with all dead

fertile progeny/ sterile progeny/ progeny/total
Construct Line total F,s tested total F,s tested F,s tested
1 2/4 0/4 2/4
2 12 1/2 0/2
wild-type 3 11/13 2/13 0/13
transgene 4 4/4 0/4 0/4
(YAPMAPT) 5 2/2 0/2 0/2
6 6/7 0/7 1/7
Total 26/32 (81%) 3/32 (9%) 3/32 (9%)
1 1/1 0/1 0/1
YSPMSPT 2 2/3 0/3 1/3
mutant 3 3/4 0/4 1/4
Total 6/8 (75%) 0/8 2/8 (25%)
1 1/3 2/3 0/3
2 3/11 1/11 7/11
3 3/5 0/5 2/5
DAQMEQT 4 1/5 3/5 1/5
mutant 5 0/8 5/8 3/8
6 0/3 0/3 3/3
7 1/1 0/1 0/1
Total 9/36 (25%) 11/36 (31%) 16/36 (44 %)

Only the underlined residues have been altered in the mutant full-length pie-1 transgenes. Each line represents a clone derived from
a different injected animal. Transformants from the F, generation (after injection) have been analyzed, because these transgenes are
often silenced in later generations (not shown), as is typical for extrachromosomal arrays expressed in the germ line (Kelly et al. 1997).
Control animals that did not receive these transgenes did not produce any live progeny (not shown).
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lecular activity of a maternal protein might be linked to
its developmental function. In these experiments, the
DAQMEQT mutant transgene rescues this pie-1 muta-
tion at a markedly decreased frequency compared to the
wild-type and YSPMSPT transgenes (Table 1). The most
direct interpretation of our findings is that this decrease
derives from functional impairment of the PIE-1 repres-
sion domain, as observed in the GAL4 tethering assay
(Fig. 6D,E), but it will be important to test this model in
future in vivo studies. It should be noted that the
DAQMEQT mutant transgene retains some rescuing ac-
tivity (Table 1), suggesting that the YAPMAPT motif is
not absolutely essential in this in vivo assay. It is pos-
sible that disruption of the YAPMAPT motif can be com-
pensated for in vivo by other repressor elements present
within the PIE-1 C region, even though such redundancy
was not observed in the GAL4 fusion assay (Fig. 6D,E).
Alternatively, this compensation could derive from
other PIE-1 activities, such as the independent transcrip-
tional repression capability identified in the PIE-1 zinc
finger region (Fig. 1D,F). Given the importance of PIE-1
for germ cell specification and development of the em-
bryo (Mello et al. 1992), it might be predicted that mul-
tiple mechanisms could contribute to its function.

Because our GAL4 fusion experiments indicate that
the PIE-1 C region must be recruited to promoters to
repress transcription, they raise the question of how this
repressor activity might normally be brought to the tran-
scriptional machinery. It is a reasonable model that the
zinc finger region could be involved, particularly given
its independent repressor activity (Fig. 1D,F). Binding of
these PIE-1 zinc fingers to DNA at all potential target
promoters seems unlikely, especially because other pro-
teins that contain C;H zinc fingers appear to be involved
in RNA binding or processing (Barabino et al. 1997; Mur-
ray et al. 1997; Carballo et al. 1998; Rudner et al. 1998).
It seems more likely that the PIE-1 zinc fingers or other
regions recruit this repression domain to the transcrip-
tion complex through protein—protein interactions. Al-
ternatively, or in addition, assuming that the PIE-1 zinc
fingers and RS region indicate association with RNA-
binding complexes, its recruitment could potentially in-
volve binding to nascent RNA transcripts. The latter
mode of recruitment has been described previously for
transcriptional activators (Sit et al. 1998; Wei et al. 1998)
but not for a repressor.

Potential targets of the PIE-1 repression domain

An interesting aspect of our findings is that multiple
fragments of the PIE-1 repression domain activate tran-
scription when tethered to a promoter, particularly frag-
ments that contain the YAPMAPT motif (Fig. 5). This
latter finding appears to be consistent with observations
that CTD repeats can function as activators in this assay
(Kim and Roeder 1994; Wendler et al. 1994; Xiao et al.
1994). Stimulation of transcription by these repressor do-
main fragments suggests that the tethered PIE-1 C region
is more likely to bind and inhibit a positively acting
component of the transcriptional apparatus than to re-
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cruit a negatively acting corepressor complex. Consis-
tent with this model, our preliminary results indicate
that treatment with the histone deacetylase inhibitor
trichostatin A does not relieve repression by the GAL4
PIE-1 C region fusion protein (not shown). A ‘threshold’
level of PIE-1 expression appears to be required in vivo
(Tenenhaus et al. 1998; T.H. Shin and C. Mello, unpubl.},
also suggesting that PIE-1 may inhibit a positively acting
factor directly.

Of the multiple sequence elements that contribute
to the PIE-1 repression domain (Figs. 4 and 5), the
YAPMAPT motif and surrounding sequences are par-
ticularly intriguing because of their apparent similarity
to the YSPTSPS Pol II CTD repeat (Fig. 4C). Supporting
the idea that these sequence motifs have similar struc-
tures, the YAPMAPT element is reminiscent of ‘pseudo-
substrate’ kinase inhibitor sequences, in which serine
phosphorylation targets are substituted with alanine
(Scott et al. 1985; House and Kemp 1987; Graff et al.
1991; Cujec et al. 1997; Poteet-Smith et al. 1997). Re-
placement of YAPMAPT with the CTD-like sequence
YSPTSPT does not impair repression by the complete
PIE-1 C region (PIE-1 C STS; Fig. 6D,E) but abrogates
activity of the minimal repression domain lacking the
HLX homology region (240-303 STS; Fig. 6A,B). These
findings suggest that a CTD-like sequence at these po-
sitions is compatible with repression, but also that the
weaker minimal repression domain might be more sen-
sitive to subtle differences between this sequence and
YAPMAPT, or to its potential for phosphorylation. In
contrast, both repression and in vivo rescue are impaired
by the nonconservative DAQMEQT substitution (PIE-1
C DQEQ; Fig. 6D,E; Table 1). The repression domain can
tolerate a major alteration within a different region,
however, as indicated by the failure of the 209-303 AR2
mutation to prevent repression (Fig. 6G,H). These muta-
genesis experiments suggest that the similarity of the
YAPMAPT motif to the Pol Il CTD repeat structure may
be important for repression and, therefore, that the PIE-1
repression domain might target a protein complex that
can recognize the Pol II CTD repeat. One possibility is
that this repression domain might directly inhibit one of
the kinase complexes that phosphorylate the CTD
(Cisek and Corden 1989; Liao et al. 1995; Serizawa et al.
1995; Shiekhattar et al. 1995; Sterner et al. 1995; Jones
1997). However, the observation that repression can oc-
cur when the YAPMAPT alanines are substituted with
serine is not consistent with a straightforward pseudo-
substrate inhibition mechanism (PIE-1 C STS; Fig. 6E).
Alternatively, the YAPMAPT element could contribute
to the repression domain interacting with, and inhibiting
or sequestering, any of the multiple other regulatory or
enzymatic protein complexes that can interact with the
Pol I CTD during an mRNA transcription and process-
ing cycle (Thompson et al. 1993; Cho et al. 1997; Corden
and Patturajan 1997; McCracken et al. 1997a,b; Neuge-
bauer and Roth 1997; Myers et al. 1998). This model
remains a working hypothesis until such a protein com-
plex is identified, but it is attractive because it is consis-
tent with both our repression data and our current un-
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derstanding of PIE-1 function in vivo (Mello et al. 1996;
Seydoux et al. 1996; Seydoux and Dunn 1997).

Materials and methods

Plasmid construction

GAL4(1-147) PIE-1 fusions were made in the pSG424 SV40-
driven expression vector (Sadowski and Ptashne 1989) by clon-
ing amplified PCR products into BamHI and Kpnl sites. The
PIE-1 A fusion then contained the linking residues S and A, and
PIE-1 B and PIE-1 C contained the linker SAM. The PIE-1 C
subregion fusions to GAL4({1-147) contained no linking region.
TTP B and POS-1 B regions were similarly amplified and sub-
cloned into pSG424 without linking regions. The TTP(Nup475)
gene was a gift from Mark Worthington (Johns Hopkins, Balti-
more, MD). The subcloning of PIE-1 A, B, and C regions into
pCMV-GAL4 (1-95) created the following linking regions:
SRSAM (A), SEFPGIRSAM (B), and SEFRSAM (C). The ampli-
fied coding regions of all constructs were checked by DNA se-
quencing. Site-directed mutagenesis was performed by the
QuikChange method (Stratagene). Mutated sequences were
confirmed by DNA sequencing and subcloned into backbone
plasmid that had not undergone the thermal cycling reaction.

Transient transfections and CAT assays

HeLa cells grown in Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10% fetal bovine serum, were
plated at (01 x 10 per 100-mm tissue culture dish on the day
before transfection. They were transfected by the BES calcium
phosphate method (Chen and Okayama 1987) with 1 ug of ef-
fector plasmid, 5 or 10 ng of reporter plasmid and pBSKS+
(Stratagene) carrier DNA to 18 ng per dish. Harvested cells were
lysed by freeze-thawing, and protein concentrations measured
using the Bradford assay (Bio-Rad). The CAT assay was per-
formed on 40 ng of protein using a scintillation overlay diffusion
technique (Neumann et al. 1987), essentially as described by
Sambrook et al. (1989). Reporter plasmids were not cotrans-
fected to provide an internal reference for transfection effi-
ciency, because some GAL4-PIE-1 subregion fusions affected
transcription of several promoters that lack GAL4 sites (Fig. 5C;
not shown). All transfection experiments were performed three
times in duplicate.

Western blotting

HeLa cells were cotransfected with 10 ug of effector plasmid
DNA and 8 pg pBSKS+ (Stratagene) carrier DNA. Harvested
cells were resuspended in 100 pl of PBS and lysed by adding 6x
sample buffer. The samples were boiled for 10 min, vortexed,
and microcentrifuged at 10,000g for 10 min to pellet cell debris.
Proteins were separated by SDS-PAGE and blotted onto nitro-
cellulose (Schleicher & Schuell). The blot was probed with poly-
clonal antibodies raised to the GAL4(1-147) DNA-binding do-
main according to the manufacturer’s instructions (Upstate Bio-
technology). A horseradish peroxidase-conjugated anti-rabbit
secondary antibody (Promega) was used at a 1:2500 dilution and
detected by enhanced chemiluminescence (Amersham).

In vivo rescue assay

The sequence of YAC Y49E10 (GenBank accession no. Z98866)
was used to design primers to amplify a 7.8-kb genomic frag-

210 GENES & DEVELOPMENT

ment containing the pie-1 gene (-2453 to +5373 relative to the
pie-1 ATG). The resulting clone was engineered to contain a
BamHI site immediately after the pie-1 ATG. The YSPMSPT
and DAQMEQT mutations were introduced by site-directed
mutagenesis and recombinant PCR, respectively, and con-
firmed by DNA sequencing. Each clone was injected into unc-
25(e156) pie-1(zu154)/qC1 hermaphrodites, along with 60 ug/
ml Pvull- or Scal-digested N2 genomic DNA, 1 pg/ml linear-
ized pRF4 (Rol-6) DNA, and 1 ug/ml linearized pie-1 plasmid.
This method creates complex arrays that allow maternal expres-
sion of the transgene in the first few generations after injection
(Kelly et al. 1997). F, Unc Rollers [unc-25(e156) pie-1(zu154)
homozygotes containing the transgene| were cloned to indi-
vidual plates and their progeny counted and examined for vi-
ability and fertility. For parallel analysis of transgenic protein
expression and localization, transgenes were tagged with GFP
by insertion of its coding region at the BamHI site.
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