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The Drosophila brain tumor (brat) gene encodes a member of the conserved NHL family of proteins, which
appear to regulate differentiation and growth in a variety of organisms. One of the founding family members,
Caenorhabditis elegans LIN-41, is thought to control posttranscriptional gene expression. However, the
mechanism by which LIN-41, or any other NHL protein, acts has not been clear. Using a yeast “four-hybrid”
interaction assay, we show that Brain Tumor is recruited to hunchback (hb) mRNA through interactions with

Nanos and Pumilio, which bind to the RNA to repress its translation. Interaction with the Nanos/Pumilio/
RNA complex is mediated by the Brat NHL domain; single amino acid substitutions in this domain
compromise quaternary complex assembly in vitro and hb regulation in vivo. Thus, recruitment of Brat is
necessary for translational repression and the normal development of posterior embryonic pattern. In addition
to regulating abdominal segmentation, previous genetic analysis has shown that Brat, Nanos, and Pumilio
govern a variety of developmental processes. We examined the role of Brat in two of these processes—
regulation of maternal Cyclin B mRNA in the embryo and regulation of imaginal disc development. The
results of these experiments suggest that NHL domain proteins are recruited to various mRNAs by

combinatorial protein—-protein interactions.
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Posttranscriptional regulation plays an important role in
the regulation of development and metabolism (Wickens
et al. 1996; Gray and Wickens 1998; Preiss and Hentze
1999). In general, this regulation is mediated by cis-act-
ing signals in the 3" UTR of targeted mRNAs and by
proteins that recognize these signals. One well-studied
case is the regulation of hunchback (hb) during early
embryogenesis in Drosophila. Maternally derived hb
mRNA is uniformly distributed throughout the embryo;
the mRNA is translationally repressed in the posterior,
giving rise to an anterior-to-posterior gradient of Hb pro-
tein (Tautz 1988). Failure of this repression results in the
abnormal accumulation of Hb in the posterior, which
inhibits abdominal segmentation (Hiilskamp et al. 1989;
Irish et al. 1989; Struhl 1989).

Two conserved RNA-binding proteins, Pumilio (Pum)
and Nanos (Nos), are specifically required to repress hb
translation (Barker et al. 1992; Wang et al. 1994). Pum,
which is distributed uniformly throughout the embryo,
is the founding member of a large family of RNA-binding
proteins (Murata and Wharton 1995; Zamore et al. 1997;
Zhang et al. 1997; Wharton et al. 1998). Pum binds to 32
nucleotide sites in the 3" UTR of hb (Nos Response El-
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ements, NREs) to regulate its translation (Murata and
Wharton 1995; Zamore et al. 1997; Wharton et al. 1998).
Nos, which initially is distributed as a gradient emanat-
ing from the posterior pole of the embryo, contains a
conserved zinc finger that mediates nonspecific RNA
binding (Curtis et al. 1997). Nos is selectively recruited
into a ternary complex on hb mRNA by NRE-bound
Pum (Sonoda and Wharton 1999). The mechanism by
which the resulting Nos/Pum/NRE complex regulates
translation is not yet understood, although deadenyla-
tion is thought to play a role (Wharton and Struhl 1991;
Wreden et al. 1997).

Brain Tumor (Brat) is one of three NHL domain pro-
teins found in Drosophila (Adams et al. 2000; Arama et
al. 2000). The family name derives from three of the
founding members: NCL-1, HT2A, and LIN-41 (Slack
and Ruvkun 1998). All three factors have ties to RNA
metabolism: the nucleoli in Caenorhabditis elegans
ncl-1 mutants are enlarged (Frank and Roth 1998); HT2A
was identified by virtue of interaction with the RNA-
binding protein HIV Tat (Fridell et al. 1995); and post-
transcriptional regulation of 1in-29 mRNA is abrogated
in lin-41 mutants (Slack et al. 2000). Little is known of
the biological roles of other family members, and no di-
rect molecular mechanism has been described previ-
ously for any NHL domain protein (including Brat).

In this report, we show that the NHL domain of Brat
mediates its recruitment to the 3’ UTR of hb mRNA.
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Recruitment occurs through protein-protein interac-
tions with RNA-bound Pum and Nos; formation of the
resulting quaternary complex is essential for transla-
tional control of hb. These results suggest a general
mechanism by which other NHL domain proteins may
act to control posttranscriptional gene expression.

brain tumor encodes a translation repressor

periment, screening a Gal4 activation domain fusion li-
brary for proteins that interact with the ternary complex
(Fig. 1A). The bait contained the RN A-binding domain of
Pum, full-length Nos, and NRE-bearing RNA. As antic-
ipated, we identified factors that interact with individual
components in isolation. However, one factor, which

proved to be a fragment of Brat, interacts only with the
ternary complex and not with either Nos alone, Pum
alone, or a Pum/NRE binary complex (Fig. 1A). Deletion
analysis revealed that recruitment of Brat is dependent
on the conserved carboxy-terminal domain of Nos that
mediates its interaction with Pum on hb RNA (Sonoda
and Wharton 1999}, and not the amino-terminal domain

Results

Pum and Nos jointly recruit Brat

To identify targets or cofactors of the Nos/Pum/NRE
ternary complex, we performed a yeast “four-hybrid” ex-
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Figure 1. Brat interaction with the Nos/Pum/NRE ternary complex in yeast. (A) Schematic of the yeast four-hybrid screen (left).
Results of yeast four-hybrid interaction assays (center). Recruitment of a transcriptional activation domain (AD)-Brat fusion to the
ternary complex allows growth in the absence of histidine (-HIS) or adenine (-ADE) in the appropriate yeast reporter strain. Growth
is dependent on all four fly-derived moieties. The ternary complex also interacts with an AD-Cup fusion protein (last column);
however, unlike Brat, Cup interacts with Nos alone in two-hybrid experiments (right), as reported by Verrotti and Wharton (2000). (B)
The carboxy-terminal portion of Nos, which contains the conserved Cys/His zinc-binding domain (in black) (Curtis et al. 1997), is
sufficient to recruit Brat into a quaternary complex in yeast. The Western blot of yeast extracts (probed with anti-HA antibody) shows
that each NLS-HA-Nos derivative is expressed at approximately the same level. Note that residues 1-42 are not required for
quaternary complex formation in vitro (see Fig. 3). (C) A mutation in the NHL domain (G774D) prevents recruitment into a quaternary
complex in yeast. The Western blot of yeast extracts (probed with o-NHL antibody) shows that each Brat derivative (within the
bracket) is expressed at approximately the same level; the asterisk marks a cross-reacting band. In the drawing (to scale) of full-length
Brat at the top, the B-box (black boxes), coiled coil (CC) and NHL domains are indicated. The G774D substitution in Brat®! is indicated
with an asterisk.
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that mediates interaction with Cup during early oogen-
esis (Fig. 1B) (Verrotti and Wharton 2000). Mutational
analysis further showed that a fragment of Brat consist-
ing of little more than the NHL domain is recruited to
the ternary complex (Fig. 1C).

To test the biological significance of the interaction
between Brat and the Nos/Pum/NRE ternary complex,
we asked whether substitutions in Pum and Nos that
interfere with Brat recruitment also abrogate hb regula-
tion in vivo. The impetus for these experiments derives
from two properties of the Pum®®® mutant that bears the
G1330D substitution in the seventh repeat of its RNA-
binding domain. First, Pum<'33°® binds RNA normally
and recruits Nos into a ternary complex, but is defective
in regulating hb in embryos (Wharton et al. 1998; Sonoda

Figure 2. Correlation between Brat recruitment in yeast and
hb regulation in embryos. (A) Activity of Pum mutants in yeast.
Genes encoding either the wild-type (wt) Pum RNA-binding
domain (RBD) or various mutant derivatives (as indicated) or the
empty vector were introduced into yeast to monitor recruit-
ment of Nos into ternary complexes and Brat into quaternary
complexes. Transformants were streaked on medium lacking
histidine and containing the concentration of the His3 competi-
tor 3-aminotriazole (3AT) indicated on the right. (B) Activity of
Pum mutants in embryos. Transgenes encoding each of the in-
dicated RBD derivatives were introduced into flies to monitor
complementation of the pum™~ embryonic phenotype. The West-
ern blot of embryonic extracts prepared from representative
transgenic lines shows that each Pum RBD fragment accumu-
lates to essentially the same level in vivo (endogenous full-
length Pum serving as a loading control). Below each lane of the
blot is shown the typical number of abdominal segments in
embryos from pum™ females that also bear a single copy of the
indicated pum-RBD transgene. Below this list are shown four
representative dark-field photographs of embryonic cuticle in
which the extent of abdominal segmentation can be assessed. In
the absence of pum function (none), hb mRNA is translated in
the posterior of the embryo and no abdominal segments form. In
this mutant background, expression of the wild-type RBD (wt)
results in repression of hb translation sufficient to allow forma-
tion of six abdominal segments, on average (Wharton et al.
1998). In this assay, the T1366D derivative is completely inac-
tive, whereas activity of the C1365R derivative typically yields
embryos with a single (arrow) abdominal segment. (C) Activity
of the Nos™37?% mutant in yeast and embryos. Above are shown
the results of yeast interaction experiments (as in A) that moni-
tor the ability of Nos and Nos™37?¥ to enter a ternary complex
with Pum and the NRE (Sonoda and Wharton 1999), or to recruit
Brat into a quaternary complex, as described in Fig. 1. Trans-
genes encoding either wild-type or M379K mutant protein were
then introduced into flies, and the distribution of encoded pro-
tein was examined by whole mount in situ histochemical meth-
ods (center) by crossing each transgene into a nos®™ background
(which otherwise contains no detectable Nos). Dark-field pho-
tographs at the bottom show that expression of Nos* supports
development of a normal complement of eight abdominal seg-
ments, whereas NosM37°¥ is completely inactive in this assay
(although it does rescue the oogenesis defects of nos®</Df flies
and the lethality of nos”''7/Df or nos™®¢/Df animals; not
shown). The Nos™*”°K embryo (and the embryos in B) is sur-
rounded by the vitelline membrane.
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and Wharton 1999). Second, when tested in a yeast four-
hybrid experiment, Pum<'33°P does not recruit Brat (Fig.
2A).

Seven additional Pum mutations were engineered by
site-directed mutagenesis into both yeast and Dro-
sophila expression vectors. Residues adjacent to 1330 or
at analogous positions in other repeats within the RNA-
binding domain were chosen for mutagenesis. The ca-
pacity of each Pum mutant to recruit Nos to the NRE or
to recruit Brat to the Pum/Nos/NRE complex was as-
sayed in transformed yeast. And the capacity of each
Pum mutant to regulate hb translation in embryos (and
thereby direct the development of abdominal segmenta-
tion) was assayed in transgenic flies. As summarized in
Figure 2(A,B), Brat recruitment in yeast correlates with
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hb regulation in embryos, suggesting that contacts be-
tween Pum and Brat are essential in vivo.

To test the role of Nos in Brat recruitment, we
screened mutations in its carboxy-terminal domain that
were identified originally in a genetic screen for defec-
tive nos alleles (Arrizabalaga and Lehmann 1999). Most
of the Nos mutants are not recruited by Pum into a ter-
nary complex with the NRE (see Materials and Meth-
ods). However, one mutant, Nos™37°¥, is incorporated
into a ternary complex normally, but this complex does
not interact with Brat (Fig. 2C). When expressed in ap-
propriately engineered transgenic embryos, the M379K
derivative is stable but inactive (Fig. 2C), consistent with
the idea that contacts between Nos and Brat are also
essential for hb regulation in vivo.

All of the protein—protein interaction experiments de-
scribed above involve indirect assays performed in yeast.
To determine whether the interaction between Brat and
the ternary complex is direct and independent of yeast
factors, we performed binding experiments in vitro using
purified components. As described earlier (Sonoda and
Wharton 1999), ternary complexes containing the Pum
RNA-binding domain, the carboxy-terminal domain of
Nos and the wild-type NRE can be captured on glutathi-
one agarose beads (which bind to the GST moeity at-
tached to Pum). Under the same reaction conditions,
Brat is recruited into a quaternary complex that, by three
criteria, has the same properties as the complex detected
in yeast experiments (Fig. 3A). First, retention of either
Nos or Brat is substantially reduced (~10-fold and 6-fold,
respectively) if the NRE bears a mutation that abrogates
Nos binding (lanes 2,3). Second, Brat is not detectably
retained by a binary Pum/NRE complex in the absence of
Nos (lanes 6,7). Third, the Pum©!33°P mutant captures

brain tumor encodes a translation repressor

Nos but not Brat (lane 4). Taken together, these results
demonstrate that Nos and Pum act jointly and directly to
recruit Brat to the NRE.

Brat required for repression of hb

All of the recessive brat alleles are associated to a greater
or lesser extent with a variety of phenotypes, including:
a dramatic (=10-fold) overgrowth of the larval brain
(Hankins 1991; Arama et al. 2000), early oogenesis de-
fects (Schiipbach and Wieschaus 1991), metastasis of
transplanted brain and imaginal tissue (Woodhouse et al.
1998), and a maternal effect on embryonic viability
(Hankins 1991). This last class of “female sterile” (fs)
alleles appear to interfere preferentially with function in
the female germ line, although they also exhibit the
other brat phenotypes (Hankins 1991). Unlike lethal al-
leles that encode truncated proteins, brat'! and brat'?
encode proteins with single amino acid substitutions at
conserved residues within the NHL domain (this study;
Arama et al. 2000).

We then wanted to determine whether the substitu-
tions in the Brat™! and Brat™> mutant proteins interfere
with recruitment to the Nos/Pum/NRE ternary com-
plex. To this end, ternary complexes were assembled in
vitro with purified GST-Pum, Nos, and NRE-bearing
RNA; these were subsequently incubated with embry-
onic extracts prepared from embryos derived from either
wild-type or brat® mutant females (henceforth referred
to as brat™ mutant embryos). Complexes were captured
on glutathione-agarose beads, and bound proteins dis-
played on a Western blot probed with Brat-specific anti-
bodies (described below).

As shown in Figure 3B, ~5% of full-length Brat* is
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Figure 3. Brat interaction with the Nos/Pum/NRE ternary complex in vitro. (A) The Brat NHL domain binds specifically to wild-type
ternary complexes in vitro. The figure is a Western blot probed with anti-Xpress antibody to detect the tag present on both the
recombinant His6-Nos and His6-Brat molecules. Lane 1 contains ~5% of input protein for the experiments of lanes 2-5, and lane 6
contains the same amount of input protein (i.e., Brat only) for the experiments of lanes 7 and 8. After incubation and capture on
glutathione agarose beads, bound proteins were eluted and visualized by Western blot. Approximately 1% of the input Brat is bound
in the presence of wild-type components (lane 2). The mutant (mut) RNA in the reactions applied to lanes 3, 5, and 8 bears the AA17CC
mutation, which specifically prevents Nos binding to the Pum/NRE complex (Sonoda and Wharton 1999). The G1330D mutant Pum
(lanes 4,5) is described in the text. (B) Substitutions in the NHL domains of the Brat®™ mutant proteins prevent binding to the
Pum/Nos/NRE complex. The figure is a Western blot probed with «-CC to detect proteins in embryonic extracts (genotype indicated
above) that bind to ternary Pum/Nos/NRE complexes assembled in vitro with purified components. The blot was reprobed with
antibodies to a-tubulin, which serves as a loading control. Lanes 1-3 contain ~5% of input protein, and the reaction loaded in lane 4
contained the NRE AA17CC mutant.
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retained under the conditions of the experiment, but nei-
ther Brat®! nor Brat'® binds appreciably to the ternary
complex. The mutant proteins accumulate to normal
levels and are stable in vivo. Thus, the single amino acid
substitutions in the Brat®™ mutant proteins prevent effi-
cient recruitment to the Nos/Pum/NRE complex.

We then examined the consequences of altered Brat
function on embryonic development. As shown in Figure
4A and Table 1, brat™ mutant embryos have defects in
abdominal segmentation that are essentially indistin-
guishable from those in embryos with reduced nos or
pum function (Lehmann and Nisslein-Volhard 1987,

1991; Wharton et al. 1998). These defects arise as a result
of incomplete translational repression of hb in the pos-
terior of the preblastoderm embryo, as is the case for nos
or pum mutants (Fig. 4A). The level and distribution of
Nos, Pum, and hb mRNA appear to be normal in brat'
mutant embryos (Fig. 4A,B and data not shown), suggest-
ing that Brat does not act indirectly to regulate abdomi-
nal segmentation. Taken with the interaction data of
Figures 1-3, we conclude that recruitment of Brat jointly
by Nos and Pum to the NRE is required for the normal
regulation of hb mRNA in the early embryo.

Many NHL domain proteins also share three other mo-
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Figure 4. Brat is required for normal regulation of hb in the early embryo. (A) The maternal effect on embryonic viability of brat's'.
Shown are photomicrographs of embryos from females of the indicated genotype (above): cuticle (row 1), Hb protein (row 2), Nos
protein (row 3), and Pum protein (row 4). Note the absence of most abdominal segments and the accumulation of Hb in the posterior
of brat®™' mutant embryos. In contrast, the distributions of Nos and Pum are indistinguishable from wild type. Note the lower level
of Pum antigen in pum™*¢/pum®® embryos. (B) Western blot to detect the level of Pum in extracts prepared from embryos of the
indicated genotype. The blot was reprobed with antibodies to detect a-tubulin, which serves as a loading control. (C) Rescue of the
brat®' abdominal segmentation defects. Expression of UAS transgenes encoding either wild-type (wt) Brat or various mutant deriva-
tives (left) was driven in the female germ line by crossing to a nos>GAL4-VP16 driver; the endogenous brat gene in these females was
mutant (brat™'/Df). Rescue of the abdominal segmentation defects correlates with binding of each Brat derivative to the Pum/Nos/
NRE complex in various experiments. (NT) not tested. A representative embryonic cuticle is shown for each case; the asterisk
indicates these are rare embryos, as a result of uncharacterized oogenesis defects associated with ectopic expression of full-length Brat
and Brats!. Western blots of embryonic extracts (right) show that Brat fragments (* *) are expressed at levels somewhat higher than the
endogenous Brat® protein (*). Blots were probed with antibodies that recognize different regions of Brat, as indicated at the top left.
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Table 1. Abdominal segmentation defects in embryos
from various mutant females

No. of abdominal segments

1 2 3 4 5 6 7 8

pum Msc/680 4 46 39 10 2
fs1/Df(eL)TE37C-7 13 52 30 4 1
fs3/Df(2L) TE37C-7 4 28 28 24 11 4
fs1/fs3 2 45 34 17 3

brat 1/fs3 3 11 42 24 8 13
k06028/fs3 18 30 25 27
k06028/k06028“ 7 29 63
+/fs3 100
+/Df(2L)TE37C-7 100

Each entry is the percentage of embryos derived from females of
the indicated genotype (left) bearing the indicated number of
abdominal segments (above). Forty to one-hundred embryos
were scored in each case.

2Germ-line clone.

tifs: a Ring-finger, one or two B-box motifs, and a coiled-
coil (RBCC]) (Slack and Ruvkun 1998). All of the evidence
described above points to the central role of the NHL
domain in mediating Brat activity. Analysis of lin-41 al-
leles also suggests that the NHL domain plays an impor-
tant role in Lin-41 function (Slack et al. 2000). However,
another report shows that expression of the RBCC do-
main of human BERP (brain expressed Ring-finger pro-
tein) in PC12 cells blocks a response to nerve growth
factor (EI-Husseini and Vincent 1999), suggesting an es-
sential role for this region of BERP and, by extension,
other family members.

To test the role of these other motifs in hb regulation,
transgenic flies that express wild-type Brat, the amino-
terminal BCC domain (Brat lacking a Ring-finger), and
the carboxy-terminal NHL domain were prepared. As
controls, similar transgenic flies that express full-length
Brat®™! and NHL®! derivatives were also prepared (Fig.
4C). Expression of each transgene is controlled by Gal4-
binding sites upstream activating sequence (UAS); by ap-
propriate genetic crosses, each Brat derivative was ex-
pressed during oogenesis under the control of a
nos>GAL4-VP16 transgene (Van Doren et al. 1998) in a
brat®! mutant background.

As shown in Figure 4C, expression of full-length Brat*
but not Brat™! rescues the abdominal defects of brat®!
embryos. For reasons we do not understand, overexpres-
sion of either protein severely disrupts oogenesis and fe-
males produce very few eggs. Although we do not under-
stand the basis of this phenotype, we were able to ana-
lyze the segmentation pattern among larvae derived
from rare fertilized eggs. Expression of the amino-termi-
nal BCC domain has no effect in wild-type females and
does not rescue the defects of brat'! embryos, although
the protein is stable in vivo and accumulates to a higher
level than the endogenous mutant Brat protein (Fig. 4C).
Somewhat surprisingly, expression of the wild-type NHL
domain almost completely rescues the brat'! embryonic
phenotype. In contrast, expression of the NHL®! mutant
domain to essentially the same level, does not. Thus,

brain tumor encodes a translation repressor

these experiments suggest the Brat NHL domain is nec-
essary and sufficient to regulate hb translation in the
early embryo.

Nos and Pum do not recruit Brat to Cyclin B mRNA

Analysis of mutant phenotypes has revealed that Nos
and Pum are required for a variety of processes in addi-
tion to the development of abdominal segmentation. nos
and pum are expressed in tissues other than the female
germ line (Wharton et al. 1998; Wang and Lehmann
1991; M. Asano and R.P. Wharton, unpubl.). More im-
portant, nos and pum mutants are subviable, revealing
an (unknown) essential function for each factor in so-
matic cells (Lin and Spradling 1997; Spradling et al.
1999). In the germ line, nos and pum mutants exhibit a
number of defects including loss of germ-line stem cells
in both sexes, failure of precursor cells to migrate into
and populate the somatic gonad, and premature prolif-
eration of precursor cells (pole cells) in the embryo (Ko-
bayashi et al. 1996; Lin and Spradling 1997; Forbes and
Lehmann 1998; Asaoka-Taguchi et al. 1999; Bhat 1999;
Deshpande et al. 1999). The premature proliferation ap-
pears to result from the inappropriate derepression of
maternal Cyclin B (CycB) mRNA in the pole cells (As-
aoka-Taguchi et al. 1999); in no other case is the molecu-
lar basis of Nos or Pum action currently understood.

We wanted to determine whether Nos and Pum also
act in conjunction with Brat to regulate maternal Cyclin
B mRNA. Using antibodies directed against different re-
gions of the protein, we find that Brat is distributed
throughout the syncitial blastoderm stage embryo when
hb mRNA is repressed, and is also present in the cyto-
plasm of the pole cells when maternal Cyclin B mRNA
is regulated (Fig. 5A). However, Cyclin B mRNA is re-
pressed normally in the pole cells of brat'® mutant em-
bryos, but not in the pole cells of nos mutant embryos, as
reported previously (Fig. 5B) (Asaoka-Taguchi et al.
1999). Thus, Brat does not appear to play a role in repres-
sion of Cyclin B, although we cannot rule out the pos-
sibility that the residual activity of Brat™®! is sufficient to
regulate Cyclin B but not hb.

The cis-acting signals that mediate Nos- and Pum-de-
pendent regulation of Cyclin B have not yet been defined
precisely. However, NRE-like sequences are present in
the maternal isoform of the mRNA, which is regulated
(Dalby and Glover 1993). If indeed Pum, Nos, and NRE-
like sequences mediate its regulation, then why would
repression of Cyclin B mRNA be Brat independent?

To investigate this issue, we examined the binding of
Pum, Nos, and Brat to the Cyclin B NRE-like element in
vitro. The RNA used in these experiments contains 136
nucleotides that include all of the NRE homologous el-
ements as well as flanking sequences. Pum binds to this
Cyclin B-derived RNA in gel mobility-shift experiments,
but not to a derivative bearing mutations in the con-
served NRE-like element (Y. Habara and R.P. Wharton,
unpubl.), consistent with the idea that similar sequences
in Cyclin B and hb are recognized. Bound Pum can re-
cruit Nos into a ternary complex on Cyclin B RNA,
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Figure 5. Cyclin B mRNA regulated normally
in the pole cells of brat mutant embryos. (A)
Brat is distributed uniformly throughout synci-
tial cleavage stage embryos (brown, above left),
and is uniform in the cytoplasm of nuclear di-
vision cycle 12-13 embryos (green, above right).
In particular, the protein is present in the pole

repressed, as shown in B. The same conditions
were used to stain sibling stage 14 wild type
(wt) and hemizygous brat<°®°?® embryos, dem-
onstrating antibody specificity. Note the pres-
ence of low levels of residual protein that are
also detectable in Fig. 6A,B. (B) Confocal im-
ages showing the distributions of Vasa (green)
and Cyclin B (red) at the posterior poles of em-
bryos derived from females of the indicated ge-
notype. Translation of maternal Cyclin B
mRNA is repressed in the pole cells of wild-
type and brat™!' embryos, but not in nos®™ em-
bryos. (C) Brat is not recruited to sequences in
the Cyclin B 3’ UTR. In vitro interaction assay
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using purified factors demonstrates recruitment of Brat to a Nos/Pum complex assembled on the hb NRE (lane 2) but not to the
complex assembled with the same concentration of RNA derived from Cyclin B (lane 4). (Lane 3) Control showing that neither Nos
nor Brat is recruited efficiently to a complex containing Pum and the AA17CC mutant hb NRE (Sonoda and Wharton 1999). (Lane 1)

Approximately 5% of input protein for each reaction.

much as it does on the hb NRE (Fig. 5C). However, the
ternary complex assembled on Cyclin B RNA recruits
Brat at least 10-fold less efficiently than the correspond-
ing complex assembled on the hb NRE (Fig. 5C). This
surprising observation may in part explain the Brat in-
dependence of Cyclin B regulation described above (Fig.
5B). Furthermore, it suggests that the RNA sequence
specifies the geometry of the Pum/Nos complex, which
in turn determines whether Brat is recruited or not (see
Discussion and Fig. 7).

Growth regulation mediated by the NHL domain
of Brat

Brat acts as a growth suppressor in the larval brain
(Hankins 1991; Arama et al. 2000). Whether Brat acts by
a similar molecular mechanism in the brain and in the
early embryo (in regulating hb) is unclear; however, the
observation that single amino acid substitutions in the
NHL domain of the Brat® mutant proteins disrupt both
processes is consistent with such an idea. The role of
Brat in the brain is not yet clear, as the phenotype has
not been characterized in detail and regulatory targets
have yet to be identified.

The role of Brat in the imaginal discs has been even
less clear. Loss of brat function leads to no obvious de-
fects in imaginal development (Arama et al. 2000), and
rare escaper homozygous brat™ flies appear morphologi-
cally normal. One role for Brat was revealed by experi-
ments in which imaginal disc tissue was transplanted
into the body cavity of adult hosts; brat™ but not wild-
type discs metastasize and kill the fly (Woodhouse et al.
1998). This observation suggests that Brat is expressed in
the discs, which led us to consider the possibility that
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loss-of-function mutants exhibit no apparent phenotype
due to the presence of a redundant activity.

To investigate this possibility, we misexpressed either
Brat* or Brat®! using an engrailed (en)-GAL4 driver line
and the UAS transgenes described above (see Fig. 4). Flies
were examined for phenotypes resulting from the gain of
Brat function.

Endogenous Brat accumulates uniformly in the cyto-
plasm of cells in wing discs from third instar larvae (Fig.
G6A). In either UAS>brat* or UAS>brat™! discs that also
bear the en>GAL4 driver, a modest excess of protein ac-
cumulates in the posterior compartment of the wing
disc; analysis of Western blots suggests that the level of
overproduction is less than two- to threefold (Fig. 6B). At
this stage of development, ectopic expression of either
protein does not substantially alter the morphology of
the discs.

However, misexpression of Brat* causes an intriguing
growth suppression phenotype that is evident in the
wings of adults. Three observations stand out. First, the
en>brat* wings are 24% smaller than control wings
(P < 0.0001 by Student’s t test) (Fig. 6C). They are also
usually deformed, probably as a result of poor adhesion
between the dorsal and ventral surfaces. Second, the re-
duction in wing size appears to be due to a reduction in
the number of cells contributing to the wing rather than
a reduction in the size of the cells. This conclusion is
based on a measurement of the density of epidermal
hairs, each secreted by a single cell (Fig. 6D). Third, the
phenotype is nonautonomous, extending into the ante-
rior compartment where the en promoter is not active.
For example, the anterior-most sector of en>brat* wings
(bounded by the first and second longitudinal veins) is on
average 22% smaller than the corresponding region of
control wings.
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Significantly, none of the phenotypes associated with
misexpression of Brat* is caused by misexpression of
similar levels of Brat™!. This supports the idea that Brat
acts by a similar molecular mechanism to regulate ab-
dominal segmentation in the embryo and growth of the
wing imaginal disc.

Discussion

Our current model of how Nos, Pum, and Brat act to
regulate gene expression is shown in Figure 7. The model
involves combinatorial interactions among cis-acting se-
quences in regulated mRNAs, proteins that recognize
these sequences, and the NHL domain of Brat. Below we
discuss the evidence that supports these ideas as well as
the possibility that other NHL domain proteins act by a
similar mechanism.

Recruitment of Brat to the NRE jointly by Nos and
Pum is essential for regulation of hb. Three lines of evi-

Figure 6. Ectopic Brat suppresses growth of the
wing. (A) The distribution of Brat in third instar
imaginal discs of the indicated genotypes. In addi-
tion to endogenous protein, the discs in the center
bear ectopic Brat in the posterior compartment (to
the right). Analysis by confocal microscopy reveals
that Brat is cytoplasmic (not shown). The hemizy-
gous brat<?°0?8 disc (right) shows a very low level
of residual staining, demonstrating specificity of
the antibody. (B) Western blot of wing imaginal
disc extracts prepared from flies of the genotypes
indicated above. (Lanes 3-5) Three different
amounts of wild-type extract (1x, 2x, 4x); (lanes
4,-7) Extracts from two different UAS transgenic
lines. (C) Adult wings from flies of the indicated
genotype. Also shown is a tracing of the en>brat*
wing showing the average intervein area for this
genotype as a percentage of wild type. (D) High
magnification views of wild-type and ens>brat*
wings. Each cell secretes a small hair that is visible
in the micrographs; note that the cell density is the
same.

dence show that the NHL domain plays a key role in this
process. First, the NHL domain is sufficient to mediate
interaction with the Nos/Pum/NRE complex, thereby
targeting Brat to hb mRNA (Figs. 1,3). Second, single
amino acid substitutions within the NHL domain at-
tenuate interaction with the ternary complex (Figs. 1,3)
and regulation of hb in vivo (Fig. 4). Third, maternal
expression of the wild-type NHL domain alone is suffi-
cient to restore hb regulation in brat®® mutant embryos
(Fig. 4). This result suggests that the NHL domain con-
tains intrinsic translation regulatory activity. However,
activity of the isolated NHL domain is (necessarily) as-
sayed in the presence of Brat® mutant protein, and thus,
we cannot rule out the possibility that the amino-termi-
nal BCC domain participates somehow in hb regulation.

Brat appears to play no role in regulating Cyclin B
mRNA in the pole cells (Fig. 5), although Nos and Pum
are required for this process (Asaoka-Taguchi et al. 1999).
This observation is perhaps not surprising, as translation
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Figure 7. Models for combinatorial regulation of
various mRNAs by Brat, Nos, and Pum. Regula- &’
tion of the hb and Cyclin B mRNAs occurs at the
level of translation. In the brain (and the imaginal
discs), the targets of Brat action are unknown. Brat

activity is probably not mediated by Pum in either hi

tissue. See discussion for details.

of Cyclin B mRNA in the posterior region of the synci-
tial cleavage stage embryo appears to be uninhibited,
even in the presence of Nos, Pum, and Brat. Only in the
pole cells, which extrude from the posterior extreme of
the embryo, is Cyclin B mRNA repressed. Perhaps the
specialized pole plasm incorporated into these cells con-
tains a Cyclin B-specific corepressor that acts in con-
junction with Nos and Pum (as hypothesized in Fig. 7).
Alternatively, the Nos/Pum complex on Cyclin B
mRNA may be sufficient to regulate translation without
a cofactor in the pole cells.

In either case, the experiments of Figure 5 reveal an
unanticipated complexity: the Nos/Pum complexes as-
sembled on Cyclin B and hb mRNAs apparently have
different conformations, as revealed by their ability to
interact with Brat. Perhaps the RNA sequence acts as a
scaffold, bringing Nos and Pum together on the RNA in
different relative orientations in the two cases, as sug-
gested in Figure 7. Alternatively, the RNA might act as
an allosteric effector, altering the conformation of Pum
to allow interaction with different cofactors. A recent
study of the structure and function of the Pum RNA-
binding domain suggests how the quaternary complex
assembles on the hb NRE (T.A. Edwards and A.K. Ag-
garwal, pers. comm). Extension of these studies to com-
plexes containing Cyclin B mRNA should reveal how
the RNA sequence specifies cofactor identity.

Brat acts as a growth suppressor in the larval brain and,
upon modest overexpression, in the wing imaginal disc
(Fig. 6). Current evidence suggests that, in these tissues,
Brat likely acts with cofactors other than Pum or Nos (as
indicated in Fig. 7), although the supporting evidence is
relatively weak. The brains of mutant larvae bearing the
strongest extant alleles of pum do not exhibit a tumor-
ous brat phenotype (not shown), consistent with the idea
that some other factor acts in conjunction with Brat in
this tissue. We attempted to test the role of Pum in me-
diating the en>brat* phenotype, but were unable to re-
cover flies of the appropriate genotype (presumably due
to the subviability of both pum™ and en>brat* flies). The
role of Nos in mediating Brat action is less easily as-
sessed, as larvae bearing lethal nos alleles die before the
third instar (not shown) when both the brat~ and
en>brat* phenotypes are evident. Weaker alleles, such as
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nos®S, have substantial residual activity (Verrotti and
Wharton 2000).

Perhaps the most striking aspect of the en>brat* phe-
notype is that ectopic Brat suppresses growth nonauto-
nomously. This is in contrast to the action of other
growth regulators that have been the focus of recent re-
search in flies. Regulation of cell size and cell number in
the imaginal discs is complex. One class of regulators are
the extracellular signals of the EGF, TGF-8, and Wg
pathways that coordinately control pattern and growth.
Another class consists of signals mediated by molecules
such as Ras, Myc, TOR, and members of the insulin
receptor pathway that primarily control cell size or num-
ber, but not pattern (Weinkove et al. 1999; Oldham et al.
2000; Stocker and Hafen 2000; Zhang et al. 2000; and
references therein). For many of these “pure” growth
regulators, ectopic expression enhances (or suppresses)
growth of the imaginal discs to an extent similar to that
observed for Brat in Figure 6. However, in none of these
cases is the effect on growth transmitted to surrounding
cells, as is true for Brat. Thus, Brat appears to regulate
either novel pathways or novel combinations of path-
ways that generate extracellular signals.

All three Drosophila NHL proteins regulate some as-
pect of growth, suggesting this may be a common role for
NHL proteins in general. Mutations in dappled and mei-
P26 reveal that the proteins encoded by these loci sup-
press growth of melanotic and ovarian tumors, respec-
tively (Rodriguez et al. 1996; Page et al. 2000); Mei-P26 is
also required for a normal frequency and distribution of
genetic exchange during meiosis. Given the structural
similarity among the three fly proteins, we assume that
Dappled and Mei-P26, like Brat, act by regulating trans-
lation or some other aspect of mRNA metabolism. Little
else is currently known of the cell biological processes
controlled by Brat, Dappled, or Mei-P26.

Do other NHL proteins act in a manner similar to
Brat? Relatively little is known about the molecular
mechanism by which these factors act in vivo, and thus
it is not clear whether they regulate translation or some
other aspect of posttranscriptional gene expression. Nev-
ertheless, an argument for analogous function can be
made for three of the family members, based on current
knowledge. First, the HT2A human protein interacts



with the site-specific RNA-binding Tat protein (Fridell
et al. 1995), much as Brat interacts with Nos and Pum.
Second, C. elegans NCL-1 appears to regulate growth,
although the mutant worms have larger cells rather than
more cells (Frank and Roth 1998). The most striking
analogy with Brat function comes from the third case, C.
elegans LIN-41, which acts in the penultimate step of
the heterochronic pathway (Reinhart et al. 2000; Slack et
al. 2000). Like Brat, LIN-41 is a posttranscriptional regu-
lator. And like Brat, which acts in concert with Nos and
Pum, LIN-41 appears to play a role in the switch from
sperm to oocyte production in hermaphrodites that is
governed by homologs of Nos and Pum (Zhang et al.
1997; Kraemer et al. 1999; Subramaniam and Seydoux
1999). Thus, it seems likely that LIN-41 and Brat act by
a similar mechanism, interacting with RNA-bound fac-
tors to repress translation.

Materials and methods

Strains and reagents

Transgenes were constructed in pCasPeR derivatives and intro-
duced into w'!!® flies by standard methods. The pum transgenes
used in Figure 2 were mutant derivatives of pum(A2’) (Wharton
et al. 1998). At least three independent transgenic lines were
crossed into a pum™*¢/pum®©® background to test activity in
the absence of endogenous pum function (by counting the num-
ber of abdominal segments). The nos transgenes are as described
by Verrotti and Wharton (2000); their activity was tested in the
embryonic null background nos®™/Df{3R)DIF*!. The following
mutants were obtained from either the Bloomington or Umea
Stock Centers: nos”''7, nos’®®®, brat®™!, brat™?, brat', brat*°%?8,
Df(2L)TE37C-7; as were the en>GAL4, act5C>GAL4, and
nos>GAL4-VP16 (Van Doren et al. 1998) drivers. Germ-line
clones of brat*°®°?® were prepared by standard methods by heat
shocking Plry +t7.2=hsFLP}22; brat<°°°2® Plry +t7.2-neoFRT40A}/
Piw'mC=0voD1-18}12L Pfry +t7.2=neoFRT40A} females. An
UAS-brat transgene was prepared using the UASp vector (Rerth
1998), fusing nucleotides 626-3940 (accession no. AB022432) of
brat, which encodes part of the 5" UTR and the entire protein-
coding region, to sequences encoding the atub84B 3’ UTR. Anti-
bodies to Nos and Pum have been described (Sonoda and Wharton
1999), and antibodies to Cyclin B were a gift from Christian Le-
hner (University of Bayreuth, Germany). Antibodies to Brat were
raised against GST fusion proteins bearing residues 376-722 and
723-1037 yielding «CC and oNHL sera (Fig. 4). Similar results
were obtained using both sera for whole mount in situ histochem-
istry. Antibodies against a-tubulin were from Sigma, and against
the Xpress tag from Invitrogen.

Yeast four-hybrid screen

Yeast strain PJ69-4A (James et al. 1996) was transformed with
three types of plasmids. One is a derivative of pGBT9 (TRP1
selection) that encodes not only a Gal4 DNA-binding domain
PumRBD (amino acids 1093-1426) fusion, but also a chimeric
nuclear RNA bearing two tandem copies of the 32-nucleotide
NRE described by Wharton and Struhl (1991) (each bearing a
UUUU>UUAU substitution to prevent premature transcrip-
tional termination) driven by the Pol III promoter present on
pIIIEx424 RPR (Good and Engelke 1994). A BamHI-Sall frag-
ment encoding the RNA expression cassette was inserted at the
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Nael site of pGBT9 to generate pJ2110. The second plasmid, a
derivative of pRS424 (URAS selection), encodes a fusion of the
SV40 NLS, an HA epitope tag, and full-length Nos driven by the
PGK promoter (Mellor et al. 1983) (pJ2701). The third plasmid is
a member of a library encoding transcriptional activation do-
main fusions to early embryo cDNAs in pGADI10 (LEU2 selec-
tion, a gift of A. Dahanukar, Yale University, CT). Approxi-
mately 2 x 10° potential colony-forming units were plated on
selective medium containing 3 mM 3-aminotriazole but no his-
tidine, and subsequently replica-plated onto medium lacking
adenine. PJ69-4A bears both HIS3 and ADE2 transcriptional
reporters that are activated upon recruitment of the AD moiety
(in this case, fused to Brat) to the DNA-bound bait. Plasmids
were recovered from 165 colonies. Of these, 83 retested true;
these are derived from 16 different genes, including Cup and
Brat (amino acids 707-1037). With the exception of the Brat
clone, all others interacted with a ternary complex containing
the Pum©!33°" mutant fusion protein.

For the experiments of Figure 2C, the activities of 11 Nos
derivatives (Arrizabalaga and Lehmann 1999) were examined in
yeast. The S337L, V338E, R339Q, P348S, L350R, R351Q,
R351H, G362E, and A365T mutants do not form a ternary com-
plex in yeast with Pum/NRE and thus, were not tested further.
The V354M substitution has no apparent effect on Nos activity
in yeast or in the embryo.

Quaternary complex assay in vitro

The experiments of Figures 4A and 5C were performed essen-
tially as described by Sonoda and Wharton (1999), with the ad-
dition of purified His6-tagged Brat NHL domain (residues 723-
1037) to a concentration of 0.5 pM. Estimates of the fraction of
retained Nos or Brat were derived from ECL detection and com-
parison with multiple autoradiographic exposures of a dilution
series of input protein. In the experiments of Figure 4B, ternary
complex was incubated with embryonic extracts prepared as
described by Murata and Wharton (1995). In Figure 5C, the Cy-
clin B RNA contains nucleotides 2249-2384 (accession no.
M33192) from the 3’ UTR. In control experiments, Pum and
Nos do not bind to RNAs of similar size derived from the 3’
UTRs of pum, nos, or tor.
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