Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2012/04/11/M112.352815.DC1.html
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 22, pp. 18854 –18862, May 25, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

Identification of a Conserved Interface between PUF
and CPEB Proteins□
S

Received for publication, February 15, 2012, and in revised form, April 9, 2012 Published, JBC Papers in Press, April 11, 2012, DOI 10.1074/jbc.M112.352815

Zachary T. Campbell‡1, Elena Menichelli§, Kyle Friend‡2, Joann Wu§, Judith Kimble‡¶3, James R. Williamson§4,
and Marvin Wickens‡5
From the ‡Department of Biochemistry and ¶Howard Hughes Medical Institute, University of Wisconsin, Madison, Wisconsin 53706
and the §Department of Molecular Biology and The Skaggs Institute for Chemical Biology, The Scripps Research Institute,
La Jolla, California 92037

Members of the PUF (Pumilio and FBF) and CPEB (cytoplasmic polyadenylation element-binding) protein families collaborate to regulate mRNA expression throughout eukaryotes. Here,
we focus on the physical interactions between members of these
two families, concentrating on Caenorhabditis elegans FBF-2
and CPB-1. To localize the site of interaction on FBF-2, we identified conserved amino acids within C. elegans PUF proteins.
Deletion of an extended loop containing several conserved residues abolished binding to CPB-1. We analyzed alanine substitutions at 13 individual amino acids in FBF-2, each identified via
its conservation. Multiple single point mutations disrupted
binding to CPB-1 but not to RNA. Position Tyr-479 was particularly critical as multiple substitutions to other amino acids at
this position did not restore binding. The complex of FBF-2 and
CPB-1 repressed translation of an mRNA containing an FBF
binding element. Repression required both proteins and was
disrupted by FBF-2 alleles that failed to bind CPB-1 or RNA. The
equivalent loop in human PUM2 is required for binding to
human CPEB3 in vitro, although the primary sequences of the
human and C. elegans PUF proteins have diverged in that
region. Our findings define a key region in PUF/CPEB interactions and imply a conserved platform through which PUF proteins interact with their protein partners.

Every step in the life of an mRNA is controlled. Sequences
present in the mRNA specify regulation through RNA-binding
proteins (1). Collaborations among regulatory factors assembled onto an mRNA determine the location, timing, and quan□
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tity of protein that an mRNA produces (2, 3). These regulatory
proteins typically bind to elements in the 3⬘-untranslated
region (UTR). These multiprotein complexes are a dominant
theme in mRNA control, particularly during early development
(4, 5). Here, we examine the interaction between two collaborating families of mRNA regulatory proteins: the CPEB6 (cytoplasmic polyadenylation element-binding) and PUF (Pumilio
and FBF) proteins. These two families of proteins bind one
another and contribute to the control of learning, pattern formation, and meiotic maturation (6 –16).
CPEBs are conserved among metazoans and are key players
in mRNA control (10). They bind U-rich elements designated
CPEs (cytoplasmic polyadenylation elements) via zinc knuckles
and RNA recognition motif domains (17). CPEB proteins regulate translation, localization, and poly(A) tail length and can
either activate or repress their targets (10). Among the proteins
identified in CPEB-containing complexes are PARN, GLD-2,
symplekin, maskin, eIF4E-T, and PUF proteins (18 –20). In vertebrates, both CPEB and PUF proteins contribute to control of
cyclin B1 mRNA during oocyte maturation (7, 9, 19 –24).
CPEBs physically associate with PUF proteins in many animal
species, including Caenorhabditis elegans, Aplysia, Drosophila,
and Xenopus (6 –9). CPEB proteins are critical in very diverse
biological contexts, from synaptic plasticity to the cell cycle,
cancer progression, and cellular senescence (10, 24 –26).
PUF proteins are widespread throughout eukaryotes and
commonly bind 3⬘-UTR sequences containing a UGU motif
(27). The PUF protein fold is stringently conserved and consists
of eight repeats of three-helix bundles, termed PUF repeats;
together these eight repeats form a crescent (28 –32). The concave face of the crescent binds an extended single-stranded
RNA through a modular form of recognition. Typically, each
PUF repeat recognizes a single base along the concave surface
of the protein. However, in the structure of FBF-2, two bases in
the binding site flip away from the protein (see Fig. 1A) (28).
6

The abbreviations used are: CPEB, cytoplasmic polyadenylation element
binding; CPE, cytoplasmic polyadenylation element; PUF, Pumilio and FBF;
FBF, fem-3 mRNA-binding factor; FBE, FBF binding element; BRAT, Brain
Tumor.
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Background: CPEB and PUF proteins collaborate to control mRNA expression by binding to elements in the 3⬘-UTR.
Results: A conserved region of PUF proteins is required for PUF/CPEB interactions in nematodes and humans.
Conclusion: PUF proteins from diverse species utilize a common surface to interact with diverse protein partners.
Significance: Understanding molecular recognition between RNA-binding proteins is crucial for describing their roles in
biology.

Conserved Interface between PUF and CPEB Proteins
assay system (Promega) measured with a 96-well Synergy 2
plate reader (45).
Affinity Chromatography—In the experiments assaying association of CPB-1 and FBF-2 (see Fig. 2C), a solution containing
15 M recombinant polyhistidine-tagged CPB-1 (19 – 80) was
added to FBF-2 in 20 mM Tris-HCl (pH7.5), 100 mM NaCl, 16
mM imidazole, and 2.5 mM DTT. Binding reactions were incubated at 25 °C for 3 h prior to immobilization on His SpinTrap
columns (GE Healthcare). In assays of the interaction between
human PUF and CPEB proteins (see Fig. 6), GST-CPEB3 was
bound to glutathione-agarose at a concentration of ⬃1
g/binding reaction. GST was removed from purified PUM2
using PreScission (GE Healthcare). An equal amount (1 g) of
PUM2 or PUM2⌬984 –989 was added to CPEB3 and allowed to
incubate at 4 °C for 1 h in the presence of RNase A and T1
(TNEMN150 buffer (50 mM Tris-HCl (pH 8), 0.5% (v/v) Nonidet P40, 1 mM EDTA, 2 mM MgCl2, and 150 mM NaCl)). The
final volume of sample was adjusted to 200 l using
TNEMN150. The resin was pelleted and washed five times with
0.5 ml of TNEMN150 prior to analysis by SDS-PAGE.
Yeast Two- and Three-hybrid Assays—These experiments
were conducted as described with minor adjustments (44).
Yeast two- and three-hybrid experiments were conducted in
strains L40 Ura⫺ and YBZ-1, respectively. CPB-1 (residues
40 – 80) was overexpressed from p414TEF and fused to an SV40
nuclear localization signal. Luminescence data were collected
using the ␤-Glo reagent (Promega) using the Dual-Luciferase
assay system (Promega) measured with a 96-well Synergy 2
plate reader. Average luminescence values were corrected for
cell density as determined by optical density at 600 nm.

EXPERIMENTAL PROCEDURES
Evolutionary Tracing—Alignments for homologous nematode PUF proteins were detected based on similarity to FBF-2
using BLASTP (www.ncbi.nlm.nih.gov/BLAST). Similarly,
Pum2 was used to detect PUF proteins across distantly related
organisms. Ungapped protein alignments were generated using
ClustalW and supplied to the Evolutionary Trace server. Heat
maps and difference values were calculated using MATLAB
(MathWorks).
Protein Purification—Recombinant FBF-2 (residues 164 –
575), CPB-1(1– 80), and CPB-1(19 – 80) were produced from a
pET-22b(⫹) (Novagen) vector. Proteins were purified using the
TALON metal affinity resin (Clontech). Human CPEB3 (440 –
698) and PUM2 (456 –1064) were expressed in pGex6P-1 (GE
Healthcare).
Translation Assays—Purified PCR products encoding CPB-1
and FBF-2 were used as templates for T7 transcription reactions (Ambion). FBF-2 and CPB-1 proteins were generated
from 50 ng of transcribed mRNA using rabbit reticulocyte
translation extracts (Promega). Reactions were allowed to proceed for 90 min. 1 l of the newly synthesized protein sample
was added to the second reaction containing reporter RNAs.
Reporter RNAs were transcribed from the pYC2 plasmid using
primers that generated the candidate regulatory elements
directly after the stop codon. Renilla luciferase was transcribed
from pSP65-Ren (45). Individual reactions were assembled as
described previously and assayed using the Dual-Luciferase

RESULTS
Conservation in FBF-2—We sought to identify the amino
acid residues comprising the interface between C. elegans
FBF-2 and CPB-1. To find candidate sites in FBF-2 that might
mediate its interactions with other proteins, we calculated conservation at each amino acid residue in its RNA binding domain
using a computational method, Evolutionary Tracing (46).
Scores were determined using a multiple sequence alignment of
a wide array of either distantly related eukaryotic PUFs or more
closely related nematode PUF proteins (Fig. 1B). Amino acids
involved in RNA binding were identified through structural
analysis and were excluded from the analysis (28). We hypothesized that conserved sites across distantly related taxa likely
were involved in protein stability and folding. Therefore, we
subtracted conservation scores derived from a comparison of
all organisms from those of the nematode group. The remaining set of residues was conserved specifically among nematodes
and unlikely to be involved in RNA binding. The majority of
conserved sites clustered near the C-terminal region of FBF-2.
Several of these residues reside in a loop linking PUF repeats 7
and 8, referred to as the R7/R8 loop (Fig. 1C).
Analysis of an Extended Loop in FBF-2—To determine
whether the R7/R8 loop was required for the interaction
between CPB-1 and FBF-2, we generated a deletion mutant
spanning residues 479 – 485. We first performed a two-hybrid
assay in which either wild-type or mutant FBF-2 GAL4 activation domain fusions were introduced into yeast expressing a
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PUFs commonly function as mRNA repressors and promote
deadenylation and mRNA decay; however, they also can
enhance translation and promote subcellular localization (33–
38). PUFs recruit multiple protein partners, in addition to
CPEB, including CCR4䡠NOT complex, Nanos (NOS), Brain
Tumor (BRAT), Argonaute (AGO), and the regulatory poly(A)
polymerase complex consisting of GLD-2 and GLD-3 (31, 36,
39 – 42). These interactions are crucial as they dictate whether a
transcript will be properly localized, degraded, translated, or
repressed. Metazoan PUF proteins have important roles in controlling stem cell maintenance, pattern formation, learning,
and memory (11–15, 43).
In C. elegans, two nearly identical PUF proteins, FBF-1 and
FBF-2 (collectively referred to as FBF), are required for stem cell
maintenance, oocyte fate specification, and normal spermatogenesis (12, 13, 44). One of the four C. elegans CPEBs, CPB-1,
interacts physically with FBF and is also required for normal
spermatogenesis (44). Therefore, FBF and CPB-1 share a function in controlling spermatogenesis, although their roles in this
process are not yet clear.
Here, we demonstrate that a discrete molecular interface
governs the interaction between C. elegans CPB-1 and FBF-2.
Furthermore, we show that CPB-1 enhances repression of
translation by FBF-2 in vitro. The site of the interaction is
broadly conserved; analogous regions of the C. elegans and
human PUF proteins are required for their interactions with
CPEBs of the same species. We suggest that a protein interaction platform located near the C-terminal segment of the PUF
repeats mediates interactions between PUFs and multiple protein partners across eukaryotic species.

Conserved Interface between PUF and CPEB Proteins

peptide derived from CPB-1 fused to a DNA binding domain
(Fig. 2A). CPEBs bind RNA using two RNA recognition motif
domains and two zinc-chelating segments. However, a region
of CPB-1 (residues 1– 80) outside the RNA binding domain is
sufficient to bind tightly to FBF-2 (44). This peptide was used in
the two-hybrid assays. Levels of expression of ␤-galactosidase,
produced from the LacZ reporter gene, were used to quantify
FBF-2 binding to the CPB-1 peptide. Deletion of the R7/R8 loop
impaired the interaction of CPB-1 (Fig. 2A) in the two-hybrid
assay. As a control, we examined binding of the same mutant to
a high affinity RNA binding element (the gld-1 FBF binding
element, FBEa) using a yeast three-hybrid assay (Fig. 2B). In
electrophoretic mobility shift assays (EMSAs), the apparent
dissociation constants for RNA binding to the wild-type and
R7/R8 loop deletion mutant proteins were 0.4 and 0.7 nM,
respectively, indicating that the R7/R8 loop deletion did not
disrupt folding of the protein (data not shown). We conclude
that the R7/R8 loop is specifically required for the interaction of
FBF-2 with CPB-1, and not for binding of FBF-2 to RNA.
To test whether the physical binding interaction of purified
FBF-2 and CPB-1 proteins was compromised by deletion of the
loop, we devised a series of affinity chromatography experiments (Fig. 2C). A recombinant version of CPB-1 containing
the minimal portion sufficient for interaction with FBF-2 was
immobilized on nickel-nitrilotriacetic acid-agarose using a
hexahistidine affinity tag. After removal of unbound CPB-1,
purified samples containing FBF-2 were added to form the protein complex. FBF-2 was then eluted from the resin through a
series of wash steps using increasing concentrations of imidazole. Wild-type FBF-2 was eluted together with CPB-1 at high
concentrations of imidazole (Fig. 2D). In contrast, the FBF-2
R7/R8 loop deletion mutant was eluted at low imidazole concentrations and behaved in an identical manner to FBF-2 without any immobilized CPB-1. The deletion mutant protein still
bound RNA, indicating that it was not misfolded (supplemental
Fig. S1).
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Screen to Identify CPB-1 Binding Site on FBF-2—We sought
to determine which specific amino acids among the set of highly
conserved sites in FBF-2 (identified in Fig. 1) were required for
binding CPB-1. To do so, we developed a screen that combined
yeast two- and three-hybrid assays (Fig. 3A). Alanine substitutions in the residues conserved throughout nematodes were
introduced into FBF-2 fused to the Gal4 activation domain.
These were analyzed following the protocol we used for the
loop deletion mutant. Each variant was examined for CPB-1
binding in two-hybrid assays (Fig. 3B) and for RNA binding in
three-hybrid assays (Fig. 3C). ␤-Galactosidase activity levels
were used as a proxy for binding affinity in both assays. The
ratio of ␤-galactosidase levels obtained from the two assays was
used to identify mutations that specifically disrupted binding to
CPB-1 but not to RNA (Fig. 3D). Of the 13 mutations analyzed,
several did not significantly reduce either CPB-1 or RNA binding; others disrupted RNA binding and were excluded from
further consideration. Six mutations, E474A, D488A, A489G,
L444A, M472A, and Y479A, disrupted the interaction between
FBF-2 and CPB-1 without significantly affecting binding to
RNA. A single alanine substitution at position Tyr-479 reduced
the level of LacZ reporter activation more than 10-fold. This
tyrosine is situated in the loop required for CPB-1 binding (Fig.
4A).
The six residues required for CPB-1 binding are adjacent to
one another in the three-dimensional structure of FBF-2 (Fig.
4A) spanning repeats 7 and 8. Mutations that had little or no
effect generally lie outside this region. Thus, a discrete surface
in FBF-2 appeared to mediate the interaction with CPB-1.
A Conserved Tyrosine Is Required for CPB-1 Binding—To
better understand the CPB-1 binding site on FBF-2, we focused
on the most severely impaired mutant, Y479A. Single point
mutations were introduced at position 479. None restored the
ability of FBF-2 to bind CPB-1 to more than 10% of the wildtype level of LacZ activity (Fig. 4B). The most active mutant was
Y479G, and the least active was Y479P. The Y479F mutant
VOLUME 287 • NUMBER 22 • MAY 25, 2012
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FIGURE 1. Identification of conserved sites in FBF-2. A, recognition of RNA by PUFs is highly modular; a schematic and the structure of FBF-2 (28) are shown.
PUF repeats (pink) specify recognition of RNA bases (green). B, identification of conserved residues in nematode PUFs, all PUFs, and a subtraction of the two sets.
Conservation was calculated using Evolutionary Tracing (46). C, an extended loop along one side of the PUF repeats contains conserved sites. Inset, the R7/R8
loop residues (479 – 485) are shown as spheres; two of residues in this region were identified as conserved sites using Evolutionary Tracing (blue spheres).
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failed to restore substantial activity, suggesting that the phenolic hydroxyl group was important for CPB-1 binding. To test
whether any of the mutant proteins were compromised in RNA
binding, we again used yeast three-hybrid assays (Fig. 4C). All
the proteins bound RNA as well as wild type. Similarly, in
EMSA assays, purified Y479A protein bound RNA as well as
MAY 25, 2012 • VOLUME 287 • NUMBER 22
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FIGURE 2. Analysis of a mutant in FBF-2 that lacks the R7/R8 loop. A, schematic of the yeast two-hybrid assay. Binding assays of a wild-type and a
mutant form of FBF-2 and wild-type CPB-1 are shown. The YBZ-1 cell line was
transformed with plasmids expressing the indicated GAL4 activation domain
(AD) or DNA binding domain (LexA) fusions indicated. B, RNA binding assayed
in the yeast three-hybrid system. Interactions between a high affinity binding
site from the gld-1 FBEa and wild-type or mutant version of FBF-2 are shown.
Error bars in A and B indicate S.D. C, an affinity chromatography-based assay of
FBF-2 binding to CPB-1. CPB-1 was immobilized on resin and incubated with
FBF-2. Unbound FBF-2 was washed away using a series of wash steps, and the
specifically bound protein eluted at high concentrations of imidazole. Ni-NTA,
nickel-nitrilotriacetic acid. D, FBF-2 eluted at high concentrations of imidazole. In the absence of CPB-1, FBF-2 is weakly associated with the resin. However, in the presence of CPB-1, FBF-2 is eluted at high concentrations of imidazole. The deletion mutant behaves in an identical fashion to FBF-2 in the
absence of CPB-1.

FIGURE 3. Identification of interaction-defective mutants in FBF-2 using
targeted screen. A, logic of the experiment. B and C, measurements of CPB-1
binding in a yeast two-hybrid assay (B) and RNA binding in a yeast threehybrid assay (C). D, the ratio of LacZ values obtained from the assays in B and
C was used to identify mutations that specifically disrupted binding to CPB-1
but not to RNA (black bars). Error bars in B–D indicate S.D.

wild-type protein in vitro with equilibrium dissociation constants of 0.3 and 0.4 nM, respectively (data not shown). We
conclude that Tyr-479 is a critical component of the CPB-1
binding site in FBF-2.
CPB-1 Enhances Repression by FBF-2 in Vitro—CPEB and
PUF proteins bind to the 3⬘-UTRs of target mRNAs and can
repress or activate translation (21, 33–37, 47, 48). The biological effects of their interaction have not been directly examined
JOURNAL OF BIOLOGICAL CHEMISTRY
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or recapitulated in vitro, nor, to our knowledge, has purified
CPEB been shown to affect translation in vitro. To evaluate the
effects of the CPB-1䡠FBF-2 complex on translation, we conducted a series of in vitro translation experiments. Proteins
FBF-2 and CPB-1 were translated in vitro, yielding similar
amounts of protein for all three FBF proteins analyzed: wildtype FBF, CPB-1 binding-defective (CPBdef, Y479A), and RNA
binding-defective (RNAdef, H326A) (supplemental Fig. S1A).
To assay translational activity, two reporter mRNAs were then
added (Fig. 5A). The 3⬘-UTR of the firefly luciferase reporter
contained a putative FBE derived from the major sperm protein
SSP-10 (AUUGUGAAUUG), whereas the Renilla reporter did
not contain an FBE. The ratio of firefly to Renilla luciferase
activities was used to quantify repression mediated through the
FBE (45). The value obtained in a mock control reaction containing only CPB-1 was used to normalize the data. As a control,
we examined translation of the Renilla reporter over a broad
range of firefly luciferase reporter concentrations (supplemental Fig. S1B). We found that translation in rabbit reticulocyte
lysate was not limiting for production of either reporter over a
150-fold range of concentrations.
We tested repression by FBF-2 alone or in the presence of the
CPB-1 peptide (Fig. 5, B and C). Repression by wild-type FBF-2
was negligible. However, the mixture of CPB-1 and FBF-2 specifically reduced the level of firefly luciferase activity (Fig. 5, B
and C). CPB-1-mediated repression was eliminated by point
mutations in FBF that prevented its interaction either with
CPB-1 or with RNA.
Reporters that possessed a 29-nucleotide poly(A) tail (Fig.
5B) or no poly(A) tail (Fig. 5C) behaved identically. To test
whether the CPB-1䡠FBF-2 complex influenced mRNA stability,
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we determined the quantity of both reporters prior to and after
the translation assays (supplemental Fig. S1C). The FBF-2 and
CPB-1 proteins did not alter the stability of the firefly reporter
mRNA (supplemental Fig. S1, D and E). These findings suggest
that the mechanism of repression by the CPB-1䡠FBF-2 complex
was not dependent on deadenylation.
Similarly, mutant versions of CPB-1 that failed to bind FBF-2
in two hybrid assays also abolished repression in vitro in the
presence of FBF-2 (data not shown). We conclude that the
physical interaction between CPB-1 and FBF-2 is required for
translational repression in vitro.
CPB-1 Affects RNA specificity of FBF-2—To determine
whether CPB-1 influences binding of FBF-2 to the ssp-10 FBE,
we devised a modified yeast three-hybrid assay (Fig. 5D). In
these experiments, binding of FBF-2 to RNA is assayed in the
presence or absence of CPB-1 containing a nuclear localization
sequence. CPB-1 enhanced LacZ expression 17.5-fold for the
ssp-10 FBE (Fig. 5E). However, there was only a modest 1.6-fold
stimulation on the high affinity gld-1a site.
A Conserved Site Mediates Human PUF/CPEB Interaction—CPEBs physically associate with PUF proteins in many
animal species, including humans, yet the amino acid sequence
in the R7/R8 loop region has diverged (6). We reasoned that the
site of interaction might nonetheless be constrained. To test
this idea, we removed the loop between repeats 7 and 8repeats
7 and 8 from human PUM2, guided by comparisons of the crystal structures of human PUM2 and C. elegans FBF-2 (29, 49).
We purified recombinant wild-type PUM2 or mutant
PUM2⌬984 –989. These two proteins were used in affinity chromatography experiments with recombinant human CPEB3
(Fig. 6A). Wild-type PUM2 interacted with CPEB3. The interVOLUME 287 • NUMBER 22 • MAY 25, 2012

Downloaded from www.jbc.org at University of Wisconsin-Madison, on July 17, 2012

FIGURE 4. Clustered interaction-defective alleles and biochemical analysis of key residue, Tyr-479. A, neutral mutations (gray), interaction-defective
mutants (purple), and the most defective point mutant (blue) are shown as spheres in the structure of FBF-2 (28). Inset, the single largest loss of interaction point
mutant, Y479A, is adjacent to the other loss of interaction mutants. B, additional mutations at position 479 fail to interact with CPB-1 in yeast two-hybrid assays.
C, however, RNA binding is uncompromised in yeast three-hybrid assays. Error bars in B and C indicate S.D.
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action was RNA-independent because it persisted after treatment with a mixture of purified RNase A and T1. However, the
human PUM2 deletion protein failed to bind CPEB3. Both
forms of PUM2 bound RNA containing the PUM binding site in
vitro (supplemental Fig. S2). We conclude that the loop linking
repeats 7 and 8 plays a conserved role in mediating interactions
between PUFs and CPEBs.

DISCUSSION
The prevalence and importance of multiprotein complexes
are dominant themes in mRNA control. We have focused here
on the interactions between two well characterized and biologically important protein families: the PUF and CPEB proteins.
Guided by conservation and structural analysis, we identified a
loop between PUF repeats 7 and 8 that was required for the
interaction of C. elegans FBF-2 and CPB-1. A single substitution in that region, Y479A, disrupted CPB-1 binding and FBFmediated repression in vitro (Figs. 3D and 5, B and C).
Might the same region of PUF proteins be required for interactions with CPEBs in other organisms? Mouse CPEB3 is
expressed in the hippocampus (50) and represses mRNAs to
which it is tethered in neuronal cells (51). Guided by structural
comparisons, we constructed a deletion mutant in human
PUM2 that lacked the segment of FBF-2 that bound CPB-1 (Fig.
6B) (28, 49). The PUM2 deletion mutant was defective in binding to human CPEB3. We conclude that the site of interaction
between PUFs and CPEBs is conserved from worms to humans.
We propose that the binding site we have identified is a
common platform for interactions between PUF proteins
MAY 25, 2012 • VOLUME 287 • NUMBER 22

and multiple protein partners (Fig. 6B). The FBF-2/CPB-1
interaction parallels that of Drosophila Pumilio and its protein partner, BRAT (40, 52). Recruitment of BRAT through
the combined action of two RNA-binding proteins, Nanos
and Pumilio, is required for the regulation of hunchback
mRNA (53, 54). Several mutations in Pumilio disrupt its
interaction with Nanos and assembly of the ternary complex
with BRAT (Fig. 6B) (52). On the basis of these data, a model
validated by mutational analysis was proposed for the binding site of BRAT on Pumilio (39). The proposed binding site
resides in the C-terminal region directly over repeats 7 and 8.
These observations are consistent with the notion that a single region of the PUF domain serves as a hub in a network of
protein/protein interactions.
The Saccharomyces cerevisiae Pumilio orthologue, Puf3p,
may possess an analogous interaction platform. Puf3p represses
COX17 mRNA and promotes its deadenylation and decay (34).
A deletion that spans PUF repeats 7 and 8 abrogated regulation,
whereas deletion of a loop joining repeats six and seven did not
(Fig. 6B) (55). The protein that interacts with this region of
Puf3p has not been identified.
We suggest that the region we have identified is an ancient
site of collaboration maintained across the PUF family of RNAbinding proteins. However, it is not the only site through which
PUF proteins recruit protein partners. For instance, mutations
that impair the interaction between PUM2 and AGO reside in
the center portion of the protein along the convex surface (42).
It remains to be seen whether residues in the PUM2 R7/R8 loop
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. CPB-1 is required for translational repression of FBE-containing reporter by FBF-2. A, schematic of the cell-free repression assay of translation.
Two rounds of translation were conducted. In the first, CPB-1 and FBF-2 proteins were in vitro translated from 50 ng of mRNA. In the second round, newly
synthesized proteins were incubated with two reporter RNAs. The firefly luciferase reported contained a 3⬘-UTR PUF binding element derived from the 3⬘-UTR
of SSP-10. The second Renilla reporter was used as a control. These were incubated for 90 min, and activities of both reporters were quantified. B, the translation
of the firefly reporter is repressed only in the presence of FBF-2 and CPB-1. As controls, CPB-1 binding-defective (CPB def) (Y479A), an RNA binding-defective
(RNA def) (H326A) form of FBF-2, and an FBF-2 binding defective mutant of CPB-1 (FBF def, L40A) were assayed. FBF def, FBF-binding defective. FF/Ren, firefly/
Renilla. C, the mechanism utilized by FBF-2 in the presence of CPB-1 is not dependent on deadenylation as similar results are obtained on a reporter lacking a
poly(A) tail. D, schematic of a modified yeast three-hybrid assay. CPB-1 is expressed with an SV40 nuclear localization sequence (NLS). The effects on FBF-2
binding to RNA are assayed using Lac-Z expression. E, expression of CPB-1 alters binding of FBF-2 to the ssp-10 RNA but not an empty vector or high affinity
gld-1a site. Error bars in B, C, and E indicate S.D.
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are also involved despite their distance (⬎20 Å) from the known
interaction-defective mutations.
Conservation of interactions between molecules despite
sequence divergence at their interface may at first appear enigmatic but is common (56, 57). Sites can diverge in sequence
during evolution through neutral mutations at an interface with
redundant contacts. Understanding the evolutionary divergence of the PUF-CPEB interface will require analysis of the
structures of the complexes. Multiple structures spanning
diverse species that represent intermediates during the divergence process may reveal the evolutionary trajectory of this
conserved interaction surface.
The CPB-1䡠FBF-2 complex repressed translation of an FBEcontaining reporter in vitro. The repression activity resides
exclusively in the complex as neither protein alone is active.
Two models could account for the mechanism by which CPB-1
exerts its effects. In the first, CPB-1 enhances the affinity of
FBF-2 for certain RNAs. In this fashion, CPB-1 would be
required for repression at one site, but not another. Alternatively, CPB-1 could promote an interaction with an unknown
third partner that mediates repression. In this view, recruitment of the CPB-1 peptide to the RNA by FBF-2 causes repression of that mRNA in cis.
The Evolutionary Trace method is a potentially powerful
means to identify regions that mediate protein/protein interactions, and it yielded interaction-defective alleles of FBF-2. The
method requires having a structure that can be used for comparison. An analogous approach led us to amino acids that
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mediate binding of human PUM2 to AGO/eEF1A, which lie in
a different region of the PUF protein (42). We note that Evolutionary Trace revealed three residues, Asn-1105, Gly-1107, and
Pro-1108, that are conserved among vertebrate PUF proteins
and lie in the loop 7/8 region that mediates binding of human
PUM2 to CPEB3.
Our data imply a novel activity for the collaborations among
protein partners. Full-length CPEB proteins possess RNA binding motifs that enable binding to specific sequences (CPEs) in
3⬘-UTRs. In Xenopus oocytes, the activity of a noncanonical
CPE is enhanced by an appropriately spaced PUF binding site
(8). These data suggest that the two bound proteins interact
with one another while they are bound to the RNA. Our studies
show that a segment of CPB-1 that lacks its RNA binding
regions alters repression even when not bound directly to the
target RNA. We infer that CPEB proteins can influence translation through their PUF partners even without binding RNA.
Such actions in vivo would be revealed by RNA targets that
associate with CPEB yet lack its binding site. Such mRNAs are
common in RNA-binding protein immunoprecipitation-microarray profiling of PUF proteins and may indicate effects on
specificity due to protein partners.
3⬘-UTRs are repositories for regulatory elements that dictate
assembly of multiprotein complexes. These complexes bind
others that are not associated with the RNA, such as the
Ccr4䡠Not complex (58). Understanding how these regulatory
assemblies form and exert their effects on translation requires
dissection of the interfaces involved. Here, we have presented
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FIGURE 6. Identification of a conserved site of interaction between PUFs and CPEBs. A, affinity chromatography of human CPEB3 was conducted with
either wild-type PUM2 or mutant PUM2⌬984 –989. Wild-type PUM2 specifically associates with CPEB3 and not a mock GST alone control. However, PUM2⌬984 –989
failed to interact with either. B, a broadly conserved interface mediates protein-protein interactions throughout PUF proteins. The sites of mutations that
disrupt specific interactions are shown as spheres (40, 55).

Conserved Interface between PUF and CPEB Proteins
such an analysis of PUF/CPEB interactions. The data reveal that
the two proteins interact and repress translation through a discrete interface, the location of which is conserved among PUF
proteins.
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manuscript.
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