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The nematode Caenorhabditis elegans has two sexes, males and hermaphrodites. Hermaphrodites initially produce
sperm but switch to producing oocytes. This switch appears to be controlled by the 39 untranslated region of fem-3
messenger RNA. We have now identified a binding factor (FBF) which is a cytoplasmic protein that binds specifically to
the regulatory region of fem-3 39UTR and mediates the sperm/oocyte switch. The RNA-binding domain of FBF consists
of a stretch of eight tandem repeats and two short flanking regions. This structural element is conserved in several
proteins including Drosophila Pumilio, a regulatory protein that controls pattern formation in the fly by binding to a
39UTR. We propose that FBF and Pumilio are members of a widespread family of sequence-specific RNA-binding
proteins.

Messenger RNAs are regulated to specify when, where and how
much protein they produce by regulatory proteins that bind to
specific target sites on the RNA. In much the same way, proteins
bind to specific sites on DNA to control gene transcription.
Regulatory sites in the 39 untranslated region (UTR) are critical
for control of translation, RNA stability and localization1–6. Examples are particularly prominent during early development. In
C. elegans, 39UTR control elements influence blastomere identity,
germline cell fates and control of the life cycle7. In Drosophila,
39UTR-based controls direct formation of the anterior–posterior
axis6,8–11; in Xenopus and mouse, they govern progression through
the meiotic cell cycle1,12. The RNA elements that mediate 39UTR
regulation typically do not possess obvious secondary structure,
unlike many of the well characterized protein-recognition sites in
RNA. Despite the importance and prevalence of these 39UTR
regulatory elements, few of their trans-acting factors have been
identified.
In C. elegans hermaphrodites, specification of germ cells as sperm
or oocyte is regulated by post-transcriptional controls residing in
the 39UTRs of two key sex-determining genes. Each adult germline
tube contains sperm proximally and oocytes distally (Fig. 1a). The
onset of spermatogenesis is governed by the 39UTR of the tra-2
gene13, whereas the switch from spermatogenesis to oogenesis is
regulated by the 39UTR of fem-3 (ref. 14). This work focuses on the
fem-3 regulation and on the control of the sperm/oocyte switch.
Loss-of-function fem-3 mutants, fem-3(lf), do not make sperm, but
instead produce only oocytes (Fig. 1b, top)15,16. By contrast, gain-offunction fem-3 mutants, fem-3(gf), only make sperm and do not
switch to oogenesis (Fig. 1b, bottom). Therefore, fem-3 is repressed
to achieve the switch from spermatogenesis to oogenesis.
The sperm/oocyte switch appears to be controlled by a regulator
that acts through a specific binding site in the fem-3 39UTR. First, all
fem-3(gf) mutations map to the 39 untranslated region: 17 of 19
mutations are single-nucleotide changes that map to a fivenucleotide stretch in the centre of the 39UTR; this small region
identifies the point mutation element, or PME (Fig. 1c)14,17. Second,
RNAs containing the PME bind specifically to a factor present in
worm extracts18. Third, overexpression of an RNA harbouring the
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wild-type fem-3 39UTR masculinizes the nematode germ line,
consistent with titration of a repressor from the wild-type fem-3
gene14. Therefore, the 39UTR of fem-3 appears to interact with a
specific RNA-binding factor to achieve post-transcriptional
regulation.
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Figure 1 Phenotypes and gain-of-function alleles of fem-3. a, Wild-type
hermaphrodite adult. Anterior is left, dorsal is up. The gonad consists of two
arms that share a central uterus. Within each gonadal arm, sperm (dark grey) are
proximal and oocytes (light grey) distal. b, Adult fem-3 mutant phenotypes. Dark
grey, sperm; light grey, oocytes. c, Molecular basis of fem-3(gf) mutations.
Sequence of the 37 nt of the fem-3 39UTR used for three-hybrid screening; black
box, the PME14,18. fem-3(gf) point mutations are depicted. The most severe fem3(gf) point mutation, fem-3(q96), changes G to T at the 39 end of the PME.
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Here we use a yeast three-hybrid assay19 to identify a protein,
designated FBF (for fem-3 binding factor), that binds specifically to
the PME in the fem-3 39UTR. We show that FBF is required for
regulation of the pattern of sexual fates in the hermaphrodite germ
line. FBF is structurally related to Pumilio, which regulates pattern
formation in the early Drosophila embryo20. We propose that FBF
and Pumilio are members of a widespread family of RNA-binding
proteins.
To identify a protein that interacts specifically with the fem-3 PME,
we employed a modified form of the yeast three-hybrid system (Fig.
2a)19. In this assay, interaction of an RNA-binding protein with its
cognate RNA binding site leads to transcriptional activation of a
reporter gene in yeast.
We first introduced a plasmid encoding a bifunctional (‘hybrid’)
RNA into a yeast strain expressing a LexA–MS2 coat protein
fusion19. That hybrid RNA possessed a tandem duplication of 37
nucleotides of the fem-3 39UTR, which includes the PME, and MS2
coat protein recognition sites (Fig. 2b)19. The multicopy plasmid
encoding the hybrid RNA carried both URA3 and ADE2 markers.
The MS2 sites in the hybrid RNA interact with the MS2 coat protein
portion of a LexA–MS2 coat protein fusion, which in turn binds to
LexA operators positioned upstream of both HIS3 and lacZ genes
(Fig. 2a)19.
Into a strain harbouring the PME–MS2 hybrid RNA plasmid, we
introduced a library of C. elegans complementary DNAs linked to
the yeast GAL4 transcriptional activation domain (a gift from R.
Barstead). Cells were selected for increased HIS3 expression, but not
for retention of the hybrid RNA plasmid. This protocol yielded two
classes of HIS3+ transformants: ‘hybrid RNA-dependent’ ones that
require the hybrid RNA plasmid for survival, and ‘hybrid RNA-

independent’ ones that do not. To identify hybrid RNA-dependent
candidates, we exploited the ADE2 marker on the hybrid RNA
plasmid: cells lacking this plasmid are red owing to a lack of the
ADE2-encoded protein, whereas those carrying the hybrid plasmid
are white. White candidates that activated both HIS3 and lacZ genes
were next treated with 5-fluoro-orotic acid to select against the
URA3 marker and thereby eliminate the RNA plasmid. Candidates
that failed to activate lacZ following plasmid loss were next tested
for PME binding specificity by reintroducing hybrid RNA plasmids
carrying either wild-type or a mutant form of the fem-3 39UTR. A
single cDNA/activation domain plasmid, pBZ1, satisfied all screening criteria.
The RNA-binding specificity of the protein encoded by pBZ1 was
assayed more stringently using a battery of hybrid RNA plasmids
(Fig. 2c). LacZ expression was activated in the presence of a hybrid
RNA containing the wild-type fem-3 PME (Fig. 2c, row 1), but not
with a similar RNA bearing either an eight-nucleotide mutant
centred on the PME (row 2) or a single nucleotide change in the
PME (row 3). This latter mutation corresponds to fem-3(q96), the
phenotypically strongest fem-3(gf) point mutation14. Furthermore,
lacZ was not activated by hybrid RNAs in which the fem-3 39UTR
segment was replaced with an iron response element (IRE, row 4),
an oligo(A)30 tract (row 5), or a 574-nucleotide segment of HIV
RNA (row 6). The amount of wild-type (WT) fem-3 hybrid RNA
was not significantly greater than that of the control RNAs, as
judged by northern blotting (results not shown). We conclude that
the protein encoded by pBZ1, which we call FBF-1, binds specifically
to the wild-type PME.
The C. elegans portion of pBZ1 was used to search the C. elegans
genomic sequence21 and to screen cDNA libraries. Two almost
identical cDNAs were identified that are encoded by two distinct
genes, fbf-1 and fbf-2 (Fig. 2d). These two genes are located on
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Figure 2 Isolation and sequence of FBF-1 and FBF-2. a, The yeast three-hybrid
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system. Hybrid protein 1 comprises the LexA DNA-binding protein and MS2 coat

tains the 37-nt segment of wild-type fem-3 39UTR shown in Fig. 1c; ‘fem-3 ch8

protein. Hybrid protein 2 comprises an RNA-binding domain, designated protein

agaac’ and ‘fem-3 q96 UCUUu’ carry mutant versions of the segment (see text).

Y, linked to the yeast GAL4 transcriptional activation domain. The hybrid RNA,

‘IRE’, ‘A30’ and ‘HIV-E’ contain the indicated RNA sequences in place of fem-3

which links the two-hybrid proteins, comprises a binding site for MS2 coat protein

sequences (see Methods). Filter and liquid assays are shown. d, Predicted FBF-1

linked to the RNA sequence of interest, designated RNA-X (box). b, The hybrid

and FBF-2 sequences. In FBF-2, only amino acids that diverge from the FBF-1

RNA. From 59 to 39, the hybrid RNA consists of the 59 leader of RNAse P RNA

sequence are shown. Dots, identical amino acids; dashes, missing amino acids.
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solid triangles, ends of FBF-1D13 (Fig. 6b); line with arrow, region of FBF-1 present

sequence of RNase P RNA (RP39). c, Binding specificity. pBZ1 was tested for RNA

in pBZ1 (amino acids 121 to 614).
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chromosome II near lin-4 within a region represented by a single
450-kb YAC (Y56A9), but are not immediately adjacent in the
chromosome (see Methods). The complete coding regions of fbf-1
and fbf-2 are 93% identical in nucleotide sequence, and 91%
identical in amino-acid sequence. pBZ1 encodes the C-terminal
81% of FBF-1 (corresponding to amino acids 121 to 614; Fig. 2d).
FBF-2 displays the same RNA-binding specificity as FBF-1 in the
three-hybrid assay, and no differences between fbf-1 and fbf-2 have
been detected in assays of fbf function or expression (see below).
Therefore, fbf-1 and fbf-2 may be redundant (see Regulation of
sperm/oocyte switch by FBF, below). From now on, we refer to fbf-1
and fbf-2 genes collectively as fbf and to the protein as FBF.
Germline-specific fbf mRNA and protein

The binding specificity of FBF to the fem-3 PME makes it a good
candidate for the repressor that is required for the sperm/oocyte
switch. We therefore asked whether fbf would be expressed appropriately during development. To examine fbf mRNA, we analysed
polyadenylated C. elegans RNA on a northern blot using the insert as
a probe. A major mRNA of 2.4 kilobases (kb) was observed (Fig. 3a).
As this probe detects both fbf-1 and fbf-2 genes in a Southern blot
(result not shown), we infer that it detects both mRNAs. fbf mRNA
increases in abundance during post-embryonic development and
peaks during the fourth larval stage, when the sperm/oocyte switch
occurs (L4; Fig. 3a, lanes 1–5). fbf mRNA is not detected in glp-1
mutants, which lack a germ line (Fig. 3a, lane 6)22. The simplest
interpretation of these results is that fbf mRNA is restricted to the
germ line.
To examine FBF protein, we prepared affinity-purified polyclonal
antibodies against a bacterially expressed, hexahistidine-tagged
portion of FBF-1 (amino acids 121–614, Fig. 2d). Studying whole
nematodes by immunofluorescence, we detected FBF only in the
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Figure 3 fbf mRNA and protein. a, Northern blot of fbf mRNA. Polyadenylated C.
elegans mRNA was separated through a 1% agarose–glyoxal gel, transferred to a
filter, and probed with fbf-1 cDNA (nt 489 to 1,995). Lanes 1–5, RNA from staged
animals: L1–L4, four larval stages; A, adults. Lane 6, no germ line (GL): RNA was
prepared from glp-1(q224) adults raised at 25 8C, which contain no more than 8
germ cells, as compared to more than 2,000 in wild type22. Lane 7, mixed stages:
RNA was derived from L1-to-adult stage animals. Arrow for fbf indicates a 2.4-kb
band corresponding to fbf-1 and fbf-2 transcripts; arrow for ‘actin’ points to a band
derived by probing the same blot for actin mRNA as standard. b, FBF protein
detected by immunofluorescence in whole-mount animals. Central views of each
animal are shown and include all of the developing germ line, which is proliferating at this stage of development. Top, wild-type L3 hermaphrodite. Germline
nuclei are dark circles that are surrounded by intensely stained cytoplasm.
Bottom, fbf-1(RNAi) L3 hermaphrodite. Staining is eliminated.
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germ line and found that it is predominantly cytoplasmic (Fig. 3b).
Staining with anti-DNA antibodies reveals nuclei in all tissues of the
same animals (not shown). Because the antibodies were raised
against a segment of the protein that is 92% identical at the
amino-acid level in FBF-1 and FBF-2, they are likely to detect
both proteins. Consistent with this, antibody staining was eliminated following injection of either fbf-1 or fbf-2 antisense RNA (see
below). Localization of FBF to the germline cytoplasm is consistent
with a role in post-transcriptional regulation of fem-3 mRNA to
achieve the sperm/ooctye switch.
Sperm/oocyte switch requires fbf

Removal of a repressor is predicted to have the same phenotypic
effect as elimination of the regulatory element through which it acts.
Because disruption of the PME in fem-3(gf) mutants leads to a
failure in the switch from spermatogenesis to oogenesis, loss of fbf
might likewise lead to an excess of sperm and prevent oogenesis. To
examine the phenotype of animals lacking fbf, we used a reverse
genetic assay termed RNA-mediated interference (RNAi). In this
technique, RNA corresponding to the coding region of a given
gene is injected into the C. elegans germ line, causing a lack of
expression from the same gene in the injected animal’s progeny.
This procedure reproduces the phenotypes associated with loss-offunction mutations in most of the genes tested so far (see refs 23,
24, for example). The mechanism by which RNAi interferes with
gene expression appears not to be simple inhibition via base
pairing of the injected and target RNAs, because either antisense
or sense RNA can be used. We injected antisense RNA to avoid
artefacts that might result from titration of factors binding to sense
RNA14. We refer to progeny of hermaphrodites injected with fbf
RNA as fbf(RNAi) animals.
We first determined the effect of fbf(RNAi) on the abundance of
FBF protein. Antisense RNA was synthesized in vitro either from the
fbf coding region of pBZ1 or, as a control, from a second C. elegans
gene, F54C9.8, which is related to fbf (Fig. 6c). The germ lines of fbf1(RNAi) animals showed greatly reduced staining by anti-FBF
antibodies (Fig. 3b), as did those of fbf-2(RNAi) animals (not
shown). By contrast, injection of fbf antisense RNAs did not prevent
staining by anti-DNA or anti-tubulin antibodies (not shown). We
conclude that injection of fbf antisense RNA dramatically and
specifically reduces FBF protein levels, and so provides a tool for
investigating fbf function.
We next examined the phenotypic effect of fbf(RNAi). By
Nomarski microscopy, most fbf(RNAi) animals produced excess
sperm and no oocytes (Fig. 4a, left), similar to the fem-3(gf)
phenotype. By contrast, control F54C9.8(RNAi) animals showed
no detectable effect, and yielded animals with a typical number of
sperm and oocytes (Fig. 4a, right). As an additional test for gamete
differentiation, we stained both fbf(RNAi) and control
F54C9.8(RNAi) animals using anti-sperm antibodies25 and DAPI
staining. As expected, fbf(RNAi) animals showed a vast increase in
both the number of their sperm and antibody staining (Fig. 4b).
DAPI staining revealed highly condensed nuclei, typical of sperm,
over a much larger region of the gonad in fbf(RNAi) than in control
germ lines (Fig. 4b). Quantitatively, 95% of fbf(RNAi) animals
produced sperm only, whereas no control F54C9.8(RNAi) animals
had this phenotype (Fig. 4c). In addition to germline masculinization fbf(RNAi) animals often had small germ lines and made
abnormal oocytes, suggesting that fbf may also play a role in
germline proliferation and oogenesis. However, no other defects
(such as sexual transformation of somatic cells, embryonic lethality,
uncoordinated behaviour or morphological defects) were observed
in either fbf(RNAi) or F54C9.8(RNAi) animals.
We conclude that loss of fbf results in a dramatic masculinization
of the germ line. This phenotype strongly supports the hypothesis
that fbf is required for the switch from spermatogenesis to
oogenesis.
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fbf in the sex-determination pathway

The sex-determining genes of C. elegans have been ordered in a
regulatory pathway, largely by analysis of double mutants (reviewed
in ref. 26). Included in this pathway are genes that act in all tissues to
regulate male or female states (for example, fem-3), and genes that
act in a single tissue to regulate specific sexual fates (such as fog-2
(for feminization of the germ line)). We sought to place fbf in this
pathway. Specifically, we determined whether fbf acted in a position
consistent with its proposed role as a negative regulator of fem-3. At
the same time, we compared the effect of loss of fbf to that of a fem3(gf) mutation in various genetic backgrounds; we reasoned that if
fbf does act through the fem-3 39UTR, loss of fbf and disruption of
the fem-3 PME should yield similar results.
We first performed an epistasis test using fbf-1(RNAi) and a fem-3
null mutant (Fig. 5a, rows 1–3). If germline masculinization of
fbf(RNAi) animals results from a failure to repress fem-3, then this
phenotype should require wild-type fem-3. Normally, fem-3 null
mutants make only oocytes and produce no self-progeny (row
1)15,16. To test whether fem-3 mutants could be masculinized by a
reduction of fbf, we used a fem-3 null mutation marked with a
closely linked marker, unc-24(lf), which exhibits an uncoordinated
(Unc) phenotype. After injection of fbf antisense RNA into a unc24(lf) fem-3(lf) homozygote, animals were fertilized by heterozygous unc-24(lf) fem-3(lf)/++ males. Progeny from the cross include
non-Unc heterozygotes of genotype unc-24(lf) fem-3(lf)/++ (row
2), and Unc homozygotes of genotype unc-24(lf) fem-3(lf) (row 3).
We found that 100% of the non-Unc heterozygous progeny made
only sperm (row 2), confirming the efficiency of RNAi in this
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fbf (RNAi)
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Control F54C9.8 (RNAi )

fbf (RNAi)

experiment. By contrast, Unc siblings, which lack both maternal and
zygotic fem-3, made no sperm; instead, 69% made only oocytes
(row 3). The remaining animals produced neither sperm nor
oocytes. These results show that the fbf(RNAi) phenotype requires
wild-type fem-3, as expected if fbf is a fem-3 repressor.
To further position fbf in the sex determination pathway, we
injected fbf-1 antisense RNA into fog-2(lf) or her-1(lf) homozygotes
(Fig. 5a, rows 4–10). Both fog-2 and her-1 are normally required for
male development, fog-2 specifically for sperm and her-1 more
generally for male development. Both fog-2 and her-1 are predicted
to act upstream of fem-3 (refs 27, 28). Normally, XX fog-2 mutants
produce only oocytes (row 4)27. By contrast, either fog-2; fem-3(gf)
double mutants or fog-2;fbf-1(RNAi) animals are masculinized
(rows 5 and 6)27. Similarly, XO her-1 mutants produce both
sperm and oocytes (row 8)28, but can be masculinized either by
fem-3(gf) (row 9)16 or by fbf(RNAi) (row 10).
Taken together, these results indicate that loss of fbf and disruption of the PME yield similar phenotypes. We conclude that fbf lies
upstream of fem-3, but downstream or parallel to her-1 and fog-2,
consistent with its proposed role as a negative regulator of fem-3
(Fig. 5b).
FBF structure and RNA-binding domain

The most striking feature of the amino-acid sequences of FBF-1 and
FBF-2 is the presence of eight repeats with a highly conserved core
consensus sequence (Fig. 6a). Within the repeat region, FBF-1 and
FBF-2 are nearly identical, deviating in only a single amino acid
among the eight core consensus sequences. In addition, 13 and 14
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Figure 5 Positioning fbf in the sex determination pathway. a, Results of epistasis

n

experiments. fem-3 (rows 1–3), row 1, fem-3 null mutant makes only oocytes15.
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Row 2, fem-3(e1996/+) heterozygotes treated with fbf RNAi (n ¼ 49 gonadal arms).
Row 3, fem-3(e1996) homozygotes treated with fbf RNAi (n ¼ 41 gonadal arms).
Among animals that initiated oogenesis, 62% of the gonadal arms produced
oocytes of wild-type appearance. Among progeny with neither sperm nor
oocytes, germ cells were apparently undifferentiated and difficult to classify.

Figure 4 Tests of fbf function. a, fbf(RNAi) phenotype by Nomarski. Top, Nomarski

fog-2 (rows 4–7), phenotypes of fog-2 single mutant (row 4) or fog-2; fem-3(gf)

differential interference contrast micrograph; bottom, drawing of the same

double mutants (rows 5 and 6)27. fem-3(gf) alleles masculinize fog-2(lf) alleles to

animal, highlighting locations of sperm (blue) and oocytes (pink). Left, fbf(RNAi)

different degrees, depending on the strength of the fem-3(gf) allele used; fem-

adult. Sperm are produced in excess; no oocytes are observed. Right, control

3(q95gf), a deletion of the PME region14,16, is stronger than fem-3(q96gf)16. Row 7,

F54C9.8(RNAi) adult. Sperm and oocytes are made in normal amounts. b,

fog-2 homozygotes that were treated with fbf RNAi (n ¼ 111 gonadal arms). her-1

fbf(RNAi) phenotype shown by fluorescence microscopy. Extruded adult gonads

(rows 8–10), phenotypes of her-1(lf) single mutant (row 8) or her-1; fem-3(gf)

were stained with either anti-sperm antibody (top) or DAPI (bottom). In DAPI

double mutants (rows 9)27. Row 10, her-1 homozygotes treated with fbf RNAi

staining, small dots are highly condensed sperm nuclei; brackets indicate the

(n ¼ 41 gonadal arms). b, Position of fbf in sex determination hierarchy. The

region containing such nuclei. Left, fbf(RNAi) gonads; right, F54C9.8(RNAi)

epistasis analysis above suggests that fbf acts downstream of fog-2 and her-1,

gonads. c, Quantification of the effects of fbf(RNAi). Left column shows the type

but upstream of fem-3, in the previously determined sex determination pathway.

and concentration of antisense RNA injected; n is the number of gonadal arms

This is the same epistasis level as tra-2, another predicted negative regulator of

analysed.

fem-3 (ref. 15). Only genes discussed in the text are depicted.
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Regulation of sperm/oocyte switch by FBF

FBF seems to be a central component of the fem-3 repressor that
regulates the switch from spermatogenesis to oogenesis in C. elegans
hermaphrodites. FBF has the correct RNA-binding specifi city, its
loss eliminates the switch in cell fate, it occupies the appropriate
level in the genetic hierarchy of sex-determining genes, and it is
expressed at the right time and place. We propose that repression of
the fem-3 gene requires binding of FBF to the 39UTR and that this
FBF-mediated repression leads to oogenesis (Fig. 7, left). The
molecular mechanism of repression is post-transcriptional, and
may include effects on translation, mRNA stability or transport.
The model shown in Fig. 7 depicts regulated binding of FBF;
other models are also tenable. For example, FBF could bind the
fem-3 PME continuously throughout development, and other
factors could act together with FBF to achieve the switch at the
appropriate time. The six mog (for masculinization of the germ line)
genes could encode such regulators of FBF activity, as they too are
required for the sperm/oocyte switch33,34 and for PME-mediated
regulation (M.G. and J.K., manuscript in preparation). As FBF is
confi nedto the germ line but fem-3(gf) mutants can exhibit somatic
NATURE | VOL 390 | 4 DECEMBER 1997
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SR dipeptides are found within the N-terminal regions of FBF-1 and
FBF-2 respectively, suggesting that these proteins may contain an SR
domain (Figs 2d, 6a). SR domains are found in several general and
alternative splicing factors, and may mediate protein–protein
interactions29,30.
The repeats of FBF are similar to those of Drosophila Pumilio (Fig.
6a)31,32. Pumilio binds to nanos-response elements (NREs) in the
39UTR of hunchback (hb) mRNA, thereby causing translational
repression and destabilization of hb mRNA6,20. Both FBF and
Pumilio contain eight repeats with a similar conserved core consensus sequence (Fig. 6a)32. Furthermore, comparison of individual
repeats in FBF-1 and Pumilio reveals a conserved pattern from
repeat to repeat (see below). Although the FBF and Pumilio repeats
are similar, they differ in two ways. The spacings between adjacent
core consensus sequences in FBF are more heterogeneous than in
Pumilio (Fig. 6a) and most conserved amino acids in the FBF
repeats lie in the core consensus sequence, whereas those in Pumilio
extend more broadly through the repeat. Thus FBF and Pumilio
appear to be divergent members of a protein family, as discussed
later.
To identify the region of FBF required for RNA binding, we
analysed a series of FBF-1 deletion mutants using the yeast threehybrid system (Fig. 6b). Deletion of the N-terminal region containing most of the putative SR domain did not alter the interaction, as
monitored by the level of b-galactosidase (Fig. 6b, D1 to D3). D3,
which still activates lacZ expression, leaves only 25 amino acids
before the start of the fi rstrepeat. However, deletion of an additional
20 amino acids eliminated lacZ activation (Fig. 6b, D4). More
extensive N-terminal deletions did not activate the reporter gene
either (Fig. 6b, D5 and D11). Deletion derivatives lacking 28 or 47
amino acids from the C terminus (D6 and D7) stimulated lacZ
expression, but removal of an additional 20 residues abolished
activation entirely (Fig. 6b, D8). Further C-terminal truncations
also did not activate (Fig. 6b, D9 and D10). As judged by western
blotting of yeast extracts, protein derivatives that fail to activate (D4,
5, 8, 9 and 10) are present at levels comparable to that of the wildtype protein (not shown).
To defi nethe minimum contiguous portion of FBF-1 that can
interact with fem-3 RNA, N- and C-terminal deletions were introduced into the same constructs (Fig. 6b, D12 to D14). An FBF-1
derivative that extends from 25 amino acids before the fi rstrepeat to
38 amino acids after the last, activates transcription of lacZ (Fig. 6b,
D13). Within the region present in D13, fbf-1 and fbf-2 are 95%
identical (Fig. 2d). Together, our fi ndings suggest that the eight
repeats plus short fl ankingregions on each side may be required for
the binding of FBF protein to fem-3 RNA.

b Deletion analysis of FBF-1

LacZ
+

wild type
∆1 (121-614)
∆2 (151-614)
∆3 (163-614)
∆4 (182-614)
∆5 (198-614)
∆6 (121-586)
∆7 (121-567)
∆8 (121-547)
∆9 (121-539)
∆10 (121-489)
∆11 (490-614)
∆12 (151-567)
∆13 (163-567)
∆14 (172-567)

+
+
+
–
–
+
+
–
–
–
–
+
+
+/–

c Puf family
C. elegans
FBF-1
FBF-2
WO6B11.2
C30G12.7
F54C9.8
F18A11.1

D. melanogaster
Pumilio

S. cerevisiae
YLL013C
YGL023
MPT5
JSN1
Z71255

?
?
?

?
?

S. pombe
C6G9.14
C4G8.03C
C4G9.05

?

H. sapiens
KIAA0099
KIAA0235

Figure 6 A family of related proteins containing multiple Puf repeats. a,
Comparison of repeats in FBF-1 and Pumilio. Top, FBF-1 structure. Vertical
lines, SR and RS dipeptides29,30,38; anvil, Csp1a domains; grey rectangles, Puf
repeats; circle, Csp2 domain. Below, continuous sequence of FBF-1 and Pumilio
through the Puf repeat region, with core consensus sequences aligned. Residues
in black boxes are present in four or more repeats; residues in grey boxes are
either related to the most conserved residue or present in three repeats of FBF.
The shared core consensus sequence (numbered above the FBF sequence) is
provided: upper case, amino acids present in four or more repeats; lower case,
amino acids present in three repeats of FBF. The black rectangle surrounding
positions 5 and 6 of the consensus highlights the conserved pattern of amino
acids from one repeat to the next. b, Deletion analysis of FBF-1 to deÆne the
minimum contiguous portion of FBF-1 required for RNA binding. Sequence motifs
are depicted as in a. Deletion endpoints in parentheses, using numbering in Fig.
2d. +, Strong blue signal in lacZ Ælter assay; +/−, weak blue; −, no colour. c, Puf
protein family. Sequence motifs are as in a; diamonds, Csp1b domains. See
Methods for criteria used in deÆning each motif, for assigning proteins to the
family and for accession numbers. Additional human partial cDNAs that apparently encode Puf proteins have been identiÆed as partial cDNAs in Arabidopsis,
rice rats, and mice. These are not depicted.
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phenotypes (ref. 35), we infer that a distinct fem-3 repressor exists in
the soma.
We have been unable to distinguish between fbf-1 and fbf-2
function using RNAi—injection of one or both RNAs has the
same effect with respect to gamete differentiation and elimination
of anti-FBF antibody staining. The simplest interpretation is that
these two nearly identical genes are redundant. However, it is
possible that only one encodes the true fem-3 repressor and that
RNAi does not distinguish between them for technical reasons.
Extensive genetic screens for mutants with phenotypes similar to
that of fbf(RNAi) uncovered mutations in six mog genes, but did not
yield mutations in fbf-1 or fbf-2 (refs 33,34). The inability to isolate fbf
mutants is consistent with their proposed redundancy. To test that
idea, we are currently generating fbf mutants by reverse genetics.
The Puf family and 39UTR control

FBF and Pumilio are members of a large and evolutionarily widespread protein family, with members in C. elegans, Drosophila,
Schizosaccharomyces pombe, Saccharomyces cerevisiae and humans
(Fig. 6c). We refer to these family members as Puf proteins (for
Pumilio and FBF). We suggest that Puf proteins comprise a family of
sequence-specific RNA-binding proteins and that the eight Puf
repeats plus short flanking sequences constitute the RNA-binding
domain. So far, FBF and Pumilio are the only Puf proteins with
known biochemical activities: both are repressors that act by
binding to specific elements in the 39UTRs of their respective
RNA targets (this work, and ref. 20). We propose that other Puf
proteins may have similar functions.
The existence of the family and several key features of the repeats
were first suggested by a sequence comparison between Pumilio and
the yeast protein YGL023 (ref. 32), and later extended to yeast
Mpt5p (ref. 36). Because many more sequences are now available,
diagnostic features of Puf family members can be established more
definitively (see Methods). Most of the 17 family members shown in
Fig. 6c possess eight tandem repeats of a decapeptide core consensus
sequence, reiterated at 35–40-amino-acid intervals (as depicted for
FBF and Pumilio in Fig. 6a). From one repeat to the next, most Puf
proteins display a characteristic pattern of amino-acid changes at
several positions. For example, in consecutive repeats of both FBF
and Pumilio, positions 5 and 6 of the core consensus are NCNCNSN
and YRHRYxY respectively (Fig. 6a, boxed). Similarly, the seventh
repeats of different Puf proteins are more similar to one another
than they are to other repeats in the same protein. These higherorder patterns, which are characteristic of the entire Puf protein

family (see Methods), suggest a level of structural organization that
supersedes the single repeat.
Many Puf proteins also contain conserved segments before the
first repeat and after the last, which we dub Csp1 and Csp2,
respectively (for conserved sequences flanking Puf repeats). The
Csp domains are required for RNA binding and divide the Puf
family into subclasses. Immediately preceding the first Puf repeat,
FBF-1, FBF-2 and F54C9.8 of C. elegans contain one consensus
sequence (Csp1a), whereas Drosophila Pumilio, yeast YLL013c and
human KIAA0099 and D87078 contain another (Csp1b). Both
Csp1a and Csp2 are required for RNA binding by FBF: the Nterminal boundary of FBF’s RNA-binding domain (between positions 163 to 182 (D3 and D4 in Fig. 6b)) coincides with the Nterminal edge of Csp1a (position 166); its C-terminal boundary
(between positions 547 (D8) and 567 (D7)) brackets the C-terminal
edge of Csp2 (position 556). Similarly, with Pumilio, the minimal
portion of the purified protein required for binding to RNA in vitro
includes the eight Puf repeats plus short N- and C-terminal flanking
regions (ref. 37, and Y. Murata and R. Wharton, personal communication).
The modular organization of FBF and Puf proteins superficially
resembles that of other classes of RNA-binding proteins, in which
domains are reiterated (such as the RRM domains)38,39. However,
Puf proteins possess an unusual architecture in that most family
members contain the same large number of repeats and exhibit a
conserved pattern of residues from one repeat to the next. Although
two proteins in budding yeast (JSN1 and Z71255) contain fewer Puf
repeats, they may oligomerize to attain the same eight-membered
arrangement or possess cryptic repeats.
The similar sequences and architecture of Puf proteins raises
the important issue of whether they discriminate related RNA
sequences. The cis-acting elements required for fbf and
Pumilio bear only modest similarity. The fem-3 PME region
includes UCuUGu, where capital letters designate nucleotides
affected by fem-3(gf) point mutations14; the pumilio target sequence
in hunchback mRNA, the NRE (Nanos response element), includes
GUUGU, where capital letters depict nucleotides conserved in
several NREs40. The significance of the shared UUGU tetranucleotide is not known. Although point mutations in the NREs of
hunchback mRNA disrupt translational regulation41, biochemical
delineation of FBF and Pumilio binding sites is needed to compare
their specificities. Given the size of the putative RNA-binding region
of FBF, its RNA-binding site is likely to extend beyond the four
nucleotides identified by the point mutations.

Table 1 Puf family proteins
Accession
number

Gene name

Species

Puf
repeats

Matches at
position 5

Matches at
position 6

fbf-1
fbf-2 (F21H12.5)
W06B11.2
C30G12.7
F54C9.8
F18A11.1
pumilio
YLL013c (orf)
YGL023
MPT5 (HTR1)
JSN1
YPR039c
SPAC6G9.14
SPAC4G8.03c
SPAC4G9.05
KIAA0099
KIAA0235

C. elegans
C. elegans
C. elegans
C. elegans
C. elegans
C. elegans
D. melanogaster
S. cerevisiae
S. cerevisiae
S. cerevisiae
S. cerevisiae
S. cerevisiae
S. pombe
S. pombe
S. pombe
H. sapiens
H. sapiens

8
8
8
8
8
8
8
8
8
8
2–5
2–5
8
8
8
8
8

7/7
7/7
6/7
6/7
6/7
6/7
7/7
6/7
6/7
6/7
N/A
N/A
6/7
5/7
4/7
7/7
7/7

6/6
6/6
6/6
6/6
5/6
5/6
6/6
5/6
5/6
5/6
N/A
N/A
5/6
5/6
2/5
6/6
6/6

...................................................................................................................................................................................................................................................................................................................................................................

—
U23176
U39854
U21319
Z49967
Z81507
L07943
Z73118
S57889
D26184
L43493
Z71255
Z81317
Z56276
Z69727
D43951
D87078

...................................................................................................................................................................................................................................................................................................................................................................
Csp1: The Csp1a consensus is L-P-x-W-x-L/V-D-x-x-G-x-M/I-R-x-x-L-S/T-L-x-x-V-L/V, and spans residues 166 to 187 of FBF-1 (Fig. 2d), FBF-2 and F54C9.8 of C. elegans conform precisely to
this consensus. The Csp1b consensus is G-R-S-R-L-L-E-D-F-R-N-x(0–5)-N-x-F/Y-P-N-L-Q-L-R/K-E/D-L/I, and spans residues 1,091 to 1,112 of Pumilio (numbering in refs 31, 32). The human
proteins KIAA0099 and KIAA0235, which are closely related overall, match this consensus precisely; Drosophila Pumilio deviates at a single position, and S. cerevisiae YLL013C deviates at
six positions. Csp2: The Csp2 consensus is L/I-R/K-K/R-F/Y-x-x-G-K/R-K/R/H-I-I/L, and spans residues 547 to 557 of FBF-1 (Fig. 2d). To be classified as containing a Csp2 element in Fig. 6c,
a protein must have a sequence at the appropriate location downstream of the final Puf repeat that conforms to at least seven of the eleven criteria imposed by this consensus (nine aminoacid identifies and a two-amino-acid spacing). The precise boundaries between Csp2 and the last Puf repeat are arbitrary as entire regions from the Csp to the Puf repeat are conserved.
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C. elegans germ line
FBF
ON
OFF
fem-3

PME

fem-3

PME

Drosophila embryo
Pum
ON
OFF
hb

NRE

hb

NRE

and fem-3 play a central role in the requisite switch from male to
female gametogenesis. An understanding of their regulation should
illuminate this fundamental evolutionary change in reproductive
M
strategy.
.........................................................................................................................

Methods

sperm

oocytes

anterior

posterior

Figure 7 Comparison of regulation by FBF and Pumilio. Left, in the C. elegans
gonad, expression of fem-3 causes germ cells at one end of the tubular gonad to
enter spermatogenesis, whereas repression of fem-3 by FBF causes germ cells in
an adjacent block of cells to enter oogenesis. Right, in the Drosophila embryo,
expression of hunchback leads to more anterior fates, whereas repression of
hunchback RNA by Pumilio leads to more posterior fates. The differences in
pattern due to FBF are achieved through temporal regulation of fem-3; those due
to Pumilio are achieved through spatial control by a localized regulator, Nanos
(see text).

The isolation of fbf-1 relied on the use of a modified form of the
yeast three-hybrid system19. The fem-3 PME region is not predicted
to have extensive secondary structure. The success of our search
suggests that other RNA regulatory elements that also lack predicted
secondary structure, as have been found in many 39UTRs, may be
amenable to analysis by this three-hybrid system, and that the
existence of nonspecific RNA-binding proteins in yeast and in
cDNA libraries are not prohibitive problems. The use of a colony
colour assay to eliminate RNA-independent positives, as reported
here, simplifies identification of the rare desired transformants.
FBF and Pumilio in development and evolution

FBF and Pumilio control expression of mRNAs that encode key
regulators of development (Fig. 7). FBF restricts expression of fem-3
mRNA so that sperm are only made in the most proximal region of
the C. elegans germ line, as shown here, whereas Pumilio limits
expression of hunchback mRNA to the anterior portion of the
Drosophila embryo20,32,40,42. In the absence of FBF, the pattern of
sexual cell fates is lost from the hermaphrodite germ line and a
uniform field of sperm is found in its place. Similarly, in the absence
of Pumilio, the pattern of hunchback expression is lost and becomes
uniform throughout the embryo32. Whereas FBF regulates fem-3,
which directly controls the decision between spermatogenesis and
oogenesis, Pumilio regulates hunchback, which then participates in
the regulation of the more complex pattern of the fly embryo
(reviewed in refs 6, 8–11).
The asymmetry imposed by Pumilio on hunchback expression is
generated not by Pumilio alone, but in combination with another
protein, Nanos, that is localized to the posterior pole of the
embryo20,32,42,43. By analogy, FBF may likewise collaborate with one
or more partners to achieve the pattern of sexual fates in the C.
elegans germ line. The best candidates for such FBF partners are the
products of the mog genes, as they too are required for the sperm/
oocyte switch33,34.
XX C. elegans are self-fertilizing hermaphrodites, whereas XO
animals are male. As a result, C. elegans can reproduce either by selffertilization or by mating. Closely related nematode species are
gonochoristic (male/female) species and reproduce only by mating
(see ref. 44, for example). Because many branches of the nematode
phylogenetic tree contain both hermaphroditic and gonochoristic
species, and because hermaphroditic species have both males and
hermaphrodites, evolution of a hermaphroditic sex from a female
programme probably takes place with relative ease. This requires
mechanisms to activate spermatogenesis and then to repress it. FBF
NATURE | VOL 390 | 4 DECEMBER 1997

Three-hybrid selection and screening. A derivative of yeast strain L40-

coat19, containing pIIIA/fem-3-MS2, was transformed with the C. elegans
library pRB1 (gift from R. Barstead). Transformants were plated onto synthetic
media lacking leucine and histidine. 5 mM 3-aminotriazole was used to select
for higher levels of activation of HIS3. About 140,000 transformants were
screened. After a week, white colonies were picked and assayed for bgalactosidase activity, using either a filter assay with X-Gal as an indicator
dye, or by liquid assays performed in triplicate using Galacton Plus as a
luminescent substrate (Galacto-Light Plus assay kit from Tropix). One unit of
enzyme activity (Fig. 2) is 10,000-fold greater than that defined by the supplier.
Of 42 original HIS3+ transformants, six were white (ADE2+) and 36 were red or
red-sectored (ade2−). Of the six white HIS3+ colonies, one was genuinely RNAdependent; it was fbf-1. Subsequent screens of ,500,000 transformants yielded
18 RNA-dependent positives, of which three bound to fem-3- but not to
IRE(iron-response element)-containing hybrid RNAs. Two of these positives
were fbf-2 (B. Kraemer and M.W., unpublished).
Plasmids encoding hybrid RNAs. Hybrid RNA vector: The vector encoding
the hybrid RNA, designated pIIIA/MS2, also carries the ADE2 and URA3 genes.
It was created by insertion of a SpeI–SalI fragment containing S. cerevisiae
ADE2 into the NheI–XhoI sites of pIII/MS2-2 (ref. 19). The hybrid RNAs were
transcribed by RNA polymerase III (ref. 19).
Hybrid fem-3 RNAs: To construct pIIIA/fem-3(+/MS2, pIIIA/fem-3(q96)/
MS2, and pIII/fem-3(ch8)/MS2, phosphorylated complementary oligonucleotides (sequence given in Fig. 1c) were annealed and ligated into pBluescript
KS(+). A product with a tandem duplication of the fem-3 region was inserted
into the hybrid RNA vector. The two 37-nucleotide (nt) segments of the fem-3
39UTR (Fig. 1c) are separated by a 4-nt spacer, UGGG. pIII/fem-3(ch8)/MS2
does not contain the ADE2 marker.
Hybrid RNA controls: IRE (iron response element)19, oligo(A)30, and HIV-E
(nt 224 to 798 of the HIV-1 isolate N14-3) were used as controls for sequence
specificity. Each of these control hybrid RNAs interacts in the three-hybrid
assay with its cognate protein (IRP, poly(A)-binding protein, and HIV Gag,
respectively; D. SenGupta, B. Kraemer, S.F. and M.W., unpublished)19, in
support of inability to interact with FBF.
Preparation of antibodies and immunofluorescence staining. To produce
anti-FBF antibodies, rats were injected with purified glutathione-S-transferase
(GST)-tagged FBF-1 protein (containing amino acids 121 to 614). Antibodies
were purified over a matrix (Sterogene) carrying hexahistidine-tagged FBF-1
protein. To assay antibody specificity, L2 and L3 larvae were obtained from N2
hermaphrodites that were either uninjected or injected with fbf-1 or fbf-2
antisense RNAs. Larvae were washed and fixed as described45. Siblings were
checked for sterility as adults to ensure RNAi efficiency. To control for
permeability, we used antibodies that recognize DNA (mAb030, Chemicon)
and tubulin. To identify sperm, adult progeny from N2 hermaphrodites
injected with fbf-1 or F54C9.8 antisense RNAs were stained with SP56
antibodies, which recognize a sperm-specific protein in C. elegans25, and with
DAP1 (4,6-diamidino-2-phenylindole), using the paraformaldehyde/
dimethylformamide method (R. Lin, personal communication45).
RNA-mediated interference (RNAi). Templates for in vitro transcription were
cloned into pBluescript II KS(+) and transcribed using T7 RNA polymerase
(Megascript T7 kit, Ambion). pBSII-fb1(−) carries fbf-1 cDNA encoding amino
acids 121–614 of FBF-1, pBSII-fb2(−) carries fbf-2 cDNA encoding amino acids
1 to 630 of FBF-2, and pBSII-F54C9.8(−) includes amino acids 1 to 553 of
F54C9.8. F54C9.8 DNA was obtained using PCR. RNA integrity was
determined by gel electrophoresis; concentration was determined by UV
spectrophotometry and confirmed by ethidium bromide staining. Injections
used uncapped antisense RNA at a concentration of 5.0 mg ml−1 RNA, unless
otherwise noted. The RNA used in Fig. 4 at 2.2 mg ml−1 was capped. Germ lines
of progeny produced between 12 and 48 h after injection were examined for
gamete differentiation either by Nomarski microscopy or fertility.
Preparation and analysis of fbf-1 deletions. Deletions were prepared either
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by digestion with restriction enzymes or by PCR. End-points were confirmed
by restriction enzyme digests. Levels of lacZ expression were determined by
filter assays, using three independent transformants for each DNA.
Isolation of full-length fbf-1 and fbf-2 cDNAs. Two oligo(dT)-primed cDNA
libraries (lAE.1 and lRB.1, gift from R. Barstead) were screened using standard
procedures with a probe containing a fragment of fbf-1 (nt 489–1,995). To
obtain the 59 terminal portions of fbf-1 and fbf-2 cDNAs, we screened a
random-primed C. elegans cDNA library, lRB2 (gift from R. Barstead) with a
fragment corresponding to nt 129–280 of fbf-2.
Genomic fbf sequences. fbf-2 genomic sequence was determined in the C.
elegans genome project21. The fbf-2 gene is located on chromosome II near lin4, and is present on the cosmid F21H12. To locate fbf-1, a polytene filter (poly2)
corresponding to the C. elegans genome (gift from A. Coulson) was probed
with fbf-1 cDNA. The YACs identified by this method (Y56A9, Y45F1 and
Y70E12L) correspond to a cluster of YACs on chromosome II that also map
near lin-4. By performing PCR with primers specific to fbf-1 and fbf-2 using
each YAC as template, we found that Y56A9 contains both fbf-1 and fbf-2.
Although both fbf-1 and fbf-2 are present on a single 450-kb YAC, they are not
immediately adjacent: the genomic sequence of the fbf-2 region reveals that it is
flanked by unrelated genes (C. elegans Sequencing Consortium, personal
communication).
Strains and genetics. Wild-type worms used were C. elegans variety Bristol,
strain N2. Additional strains include: JK574 fog2(q71) V, JK255 her-1(e1518)
him-5 (e1490) dpy-21(e428ts) V and CB3905 unc-24(e138) fem-3 (e1996) ++/
++ daf-15(m31) dpy-20(e1282ts) IV. These genes and mutations are described
in ref. 46.
Defining the family of proteins containing Puf repeats and Csp consensus
sequences. In the following consensus sequences, ‘x’ indicates any amino

acid, and a slash (‘/’) separates amino acids of similar character. Certain Puf
proteins are more closely related to one another, suggesting subfamilies: for
example, FBF is more closely related to C. elegans F54C9.8 than to other Puf
proteins.
Puf repeats and the Puf family: The NIH non-redundant database was scanned
for matches to fbf-1 and pumilio separately. Criteria for inclusion as a member
of the family of Puf proteins included matches to a core consensus (D-x-F/Y-G/
A-x-x-V/I-V/I/L-Q-K-x-V/I/L) within each repeat, and to the pattern of amino
acids at positions 5 (NCNCNSN) and 6 (YRHRYxY) of the consensus in Puf2
through to Puf8 (Table 1). Proteins were assigned to the Puf protein family if
they conformed to at least eight of the eleven criteria imposed by the Puf family
core consensus above (eight amino-acid identities and three spacing). Repeats
exhibiting only seven matches are indicated by a question mark in Fig. 6c.
Several Puf repeats possess distinctive sequence features that distinguish them
from the other repeats, but all share features of the overall core consensus32.
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