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Abstract
RNA-binding proteins are critical effectors of gene expression. They guide mRNA localization,
translation, and stability, and potentially play a role in regulating mRNA synthesis. The structural
basis for RNA recognition by RNA-binding proteins is the key to understanding how they target
specific transcripts for regulation. Compared to other metazoans, nematode genomes contain a
significant expansion in several RNA-binding protein families, including Pumilio-FBF (PUF),
TTP-like zinc finger (TZF), and argonaute-like (AGO) proteins. Genetic data suggest that
individual members of each family have distinct functions, presumably due to sequence variations
that alter RNA binding specificity or protein interaction partners. In this review, we highlight
example structures and identify the variable regions that likely contribute to functional divergence
in nematodes.

Introduction
RNA regulation is pervasive and impacts nearly every aspect of gene expression. RNA
molecules function both as regulators and targets in diverse pathways to ensure appropriate
decoding of the genome. RNA-binding proteins are central to this form of regulation. They
act as effectors of RNA stability and translation efficiency, they guide transcripts to defined
locations within a cell, they control the fidelity of gene decoding, and they function as
cofactors to promote the activity of functional and structural RNA molecules.

The facile genetics, defined cellular lineage, and ease of observation has made the nematode
Caenorhabditis elegans a popular model to study RNA regulatory mechanisms. A scan of
the C. elegans and other nematode genomes reveals a surprising expansion of putative
RNA-binding proteins relatives to other metazoans. For example, the RNA-binding protein
Pumilio—discovered in flies—has two homologs in humans but eleven homologs in C.
elegans [1,2]. The CCCH-type tandem zinc finger family (TZF), typified by the mammalian
protein tristetraprolin (TTP), has sixteen members in worms [3–6]. Finally, there are twenty-
seven Argonaute homologs in C. elegans, including a clade of worm-specific argonautes
(WAGOs) [7,8].

It is not clear why RNA-binding protein families have expanded in nematodes. Forward and
reverse genetic experiments indicate that many play distinct roles in germline development,
gametogenesis, and early embryogenesis, where regulation of maternal RNAs plays a
primary role. In this review, we outline representative structures from the PUF, TZF, and
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AGO families, and highlight data that identifies the basis for specialized function in the
expanded set of nematode homologs.

The PUF family
PUF proteins in nematode germline development

The fem-3 binding factor (FBF) was the first Pumilio homolog identified in C. elegans [2].
Pumilio and FBF together comprise the founding members of the PUF family of RNA-
binding proteins. FBF is encoded by two nearly identical genes, fbf-1 and fbf-2. Together,
they act to maintain the population of progenitor cells in the distal region of the germline
and promote the switch from spermatogenesis to oogenesis at the onset of adulthood [2,9]
(Fig. 1). FBF binds in a sequence specific fashion to the 3′ untranslated region (UTR) of
several messenger RNAs, including fem-3 and gld-1 [10]. GLD-1 and FEM-3 promote
spermatocyte differentiation, and GLD-1 promotes entry into meiosis [11–13]. FBF
represses translation of gld-1 mRNA in the distal end of the germline, and it represses
translation of gld-1 and fem-3 mRNA in developing oocytes [2,9].

Nine additional puf genes, termed puf-3 to puf-12, are present in the C. elegans genome.
Most have distinct biological functions defined by phenotypic differences, mRNA target
specificity, or expression pattern. Three of these genes—puf-5, puf-6, and puf-7—are
redundantly required for embryonic viability and oocyte maturation [14]. They prevent
premature translation of glp-1 mRNA in oocytes. PUF-8 promotes mitosis in germline
progenitor cells, similar to FBF, but binds to RNA with different sequence specificity and as
such likely regulates a distinct set of target mRNAs. PUF-9 regulates hunchback-like (hbl-1)
mRNA in the hypodermis and ventral nerve cord [15]. RNAi screens reveal important roles
for PUF-3, PUF-4, PUF-11, and PUF-12 in oogenesis and early embryonic development, but
their critical mRNA targets have not been identified [16,17]. In the following sections, we
review a recently published crystal structure of FBF and highlight biochemical experiments
that define differences in RNA recognition in this family [18].

Biochemical insights into PUF binding specificity
Wickens and co-workers have dissected the RNA binding properties of several PUF proteins
[10,19–21]. The consensus sequence recognized by FBF, termed the FBF binding element
(FBE), is 5′-UGURNNAUA-3′ [10]. The FBE is nine nucleotides in length and is partially
degenerate at three positions. FBEs are present in the 3′-UTR of fem-3, gld-1, and numerous
other mRNAs regulated by FBF in the germline. Mutation of the FBE in the 3′-UTR of
fem-3 leads to derepression of FEM-3 and failure to switch from spermatogenesis to
oogenesis [11].

PUF-8 and PUF-9, on the other hand, recognize an eight nucleotide consensus identical to
that bound by human Pum1 (5′-UGUANAUA-3′) termed the Nanos Response Element
(NRE) [21,22]. The NRE is similar to the FBE but is a single nucleotide shorter. This
difference is critical, as FBF discriminates between these two elements by more than 30-
fold. Intriguingly, the specificity of PUF-8 can be converted to that of FBF by swapping a
64-amino acid fragment in the middle of the PUF domain, demonstrating that this region is
critical for specificity.

PUF-5 and PUF-6/7 recognize a longer, partially degenerate consensus motif termed the
PUF-5 Binding Element (5BE: 5′-CyCUGUAyyyUGU-3′, where y is a pyrimidine) [20].
PUF-11 binds three sets of RNA targets, 5′-CUGUGAAUA-3′, 5′-CUGUANAAUA-3′ and
5′-NUGUNAAAUA-3′, suggesting multiple modes of RNA recognition through a
mechanism that is not immediately apparent [19]. Clearly, these experiments show that the
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nematode PUF family has diverged to expand the repertoire of sequences recognized by the
PUF domain. Recent crystal structures begin to address the molecular basis for this variance.

Crystal structures of PUF proteins
The first structures of a PUF domain, including Drosophila Pumilio and human Pum1, were
determined independently in 2001 [23,24]. The structures revealed an architecture of eight
repeat motifs comprised of three alpha helices. The repeats pack against each other to form
an extended curved structure that vaguely resembles a banana. A subsequent structure of
human Pum1 bound to RNA demonstrates that the concave surface comprises the RNA
binding interface, where each repeat recognizes a single nucleotide (Fig. 2A) [22]. The
amino acids that face the concave surface define the nucleotide specificity at each repeat,
which has been reviewed previously [25]. This architecture immediately suggests a model
where PUF proteins bind to RNA with modular specificity, such that changing the order of
the repeats could modify RNA-binding specificity. Several experiments with chimeric PUF
proteins support this model and suggest this domain is particularly amenable to protein
engineering [19–21].

All of the nematode PUF proteins are comprised of eight repeats, but many bind to a
consensus element that contains more than eight nucleotides. To gain insight into the
structural basis for recognition of longer elements by this domain, Hall and coworkers
crystallized FBF-2 in complex with six different RNA sequences, including four naturally
occuring sites [18]. This study reveals that FBF has an elongated structure with less
curvature relative to other PUF domain proteins (Fig 2B). This elongated structure enables a
single base to flip out and point away from the protein without affecting interactions with
the other eight nucleotides. Thus, a slight variance of the curvature of the overall structure,
governed by repeats 4–6, has a profound impact on the RNA-binding specificity.

It is possible that curvature driven base flipping accounts for the multiple modes of RNA
recognition by PUF-11 [19]. Each mode contains two conserved regions, including a UGU
trinucleotide and an element comprised of AAAUA. These may represent eight —core
interactions with this protein. Each mode contains an insertion of one or more nucleotides
into a distinct position within this core. If the inserted nucleotides flip out, a model similar to
FBF would resolve the multiple modes of binding. The incomplete degeneracy of the
inserted nucleotides may be partially explained by differential stacking free energy with
neighboring nucleotides. A similar model could be proposed for PUF-5/6/7, where eight
nucleotides are specified unambigously, and five more nucleotides are partially degenerate
[20]. More structural work is needed to assess this hypothesis and define the basis for the
variance in PUF specificity. It is also important to assess whether conformational flexibility
contributes to binding specificity.

TTP-like CCCH tandem zinc finger proteins
TZF proteins in C. elegans early embryogenesis

TTP is a mammalian RNA-binding protein that regulates the immune response by
promoting the turnover of the mRNA encoding the pro-inflammatory cytokine TNF-alpha
[26,27]. TTP is an AU-rich element (ARE) binding protein, which coordinate the stability of
mRNAs containing extended repeats of UAUU in their 3′ UTRs. TTP has two
CX8CX5CX3H zinc finger motifs. Each motif binds to a single UAUU repeat [28].

There are several TTP homologs in the C. elegans genome, many of which are required for
worm fertility. A cascade of TZF proteins, including OMA-1/2, MOE-3, MEX-5/6, MEX-1,
POS-1, and PIE-1, guide the progression from the oocyte to embryo. OMA-1/2 and MOE-3
are partially redundant factors that promote oocyte maturation, and inhibit embryonic gene
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expression prior to fertilization [4–6,29]. MEX-5/6 are required for anterior patterning in the
early embryo [5]. They are translated from maternally supplied mRNA shortly after
fertilization, and migrate to the anterior of the embryo prior to the first cellular division.
POS-1, PIE-1, and MEX-1 are also translated after fertilization, but accumulate in the
posterior of the embryo in a pathway that depends upon MEX-5/6 anterior localization
[30,31]. All three proteins are required for posterior patterning and segregation of germline
and somatic lineages, but have non-redundant functions [4,29]. In addition to these well
studied examples, there are eight additional TZF genes in the C. elegans genome. DCT-13
and possibly Y116A8C.20 promote germline tumor formation in a sensitized genetic
background, while CCCH-1, CCCH-2, CCCH-5, F38C2.7, Y116A8C.19, and C35D6.4 have
no known function [32].

NMR structure of a TZF family protein
Only one structure of a TZF protein has been determined to date. Wright and coworkers
determined the solution structure of the Tis11D bound to the RNA sequence 5′-
UUAUUUAUU-3′ (Fig. 3) [33]. Tis11D is a mammalian paralog of TTP that regulates
mRNA stability in response to growth factors [3]. It binds to RNA with identical specificity
to TTP. The structure reveals that each CX8CX5CX3H finger motif independently
recognizes the four nucleotide sequence UAUU. A conserved motif with the sequence (R/
K)YKTEL lies upstream of the first cysteine of each finger. This region makes numerous
contacts with the RNA. These are primarily comprised of hydrogen bonds between the
protein backbone and the Watson-Crick edges of the bases, and van der Waals interactions
that specify the shape of the base at each position. In addition, the side chains of two
conserved aromatic amino acids form stacking interactions between adjacent RNA bases at
two positions within each finger. These amino acids are essential for high affinity binding,
and may contribute to specificity through differential stacking propensity. This structure has
thus far provided our only glimpse into RNA recognition by this class of RNA-binding
proteins, and as such serves as the primary frame of reference for the interpretation of
experiments for related factors.

Biochemical insights into nematode TZF binding specificity
In most cases, the RNA-binding activity of nematode TZF proteins has not been investigated
in detail. The two exceptions are MEX-5 and POS-1, which bind to RNA but with different
specificity compared to TTP, Tis11D, and each other [34,35]. MEX-5 binds with high
affinity but relaxed specificity to any uridine rich sequence, including polyuridine. This
contrasts with TTP which binds >80-fold more tightly to AREs than polyuridine. POS-1
binds with high affinity to a consensus termed the POS-1 recognition element (PRE: 5′-
UA(U2–3)RD(N1–3)G-3′, where R is any purine, D is A, G, or U, and N is any base).
Compared to TTP binding sequence, the PRE is more degenerate and specifies three purines
instead of two.

In Tis11D, three contiguous amino acids in each finger form an adenosine recognition
pocket: glutamate, leucine, and the first cysteine of the CCCH motif (Fig. 3) [33]. The
glutamate side chain accepts a hydrogen bond from the exocyclic amine of the adenosine.
The leucine and the cysteine are conserved in both MEX-5 and POS-1, but the glutamate is
not. In MEX-5, the analogous amino acids are arginine in the first finger and a lysine in the
second. Mutating both to glutamate confers TTP-like specificity to MEX-5, suggesting they
are critical specificity determinants [35]. In POS-1, an alanine and a valine occupy the
analogous positions. It is not clear how these amino acids contribute to the differences in
POS-1 specificity, or how this protein specifies three purines compared to two. Structural
data are needed to resolve this problem. One nematode TZF protein, CCCH-1, has two
glutamate residues in the analogous position similar to TTP. The rest have basic residues,
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small hydrophobic residues, or some combination thereof. It is expected that CCCH-1 will
bind to RNA with TTP-like specificity, and that the others will bind to RNA with hybrid
specificity, but this has not been experimentally demonstrated.

The worm Argonaute proteins
Biological functions of nematode Argonaute proteins

Argonautes are the primary effectors of small RNA silencing pathways, which have been the
subject of intense investigation [36]. Twenty-seven Argonaute genes are annotated in the C.
elegans genome. These fall into three paralogous groupings: 1) similar to Arabidopsis
thaliana AGO1, 2) similar to Drosophila melanogaster PIWI, and 3) worm-specific
argonautes (WAGOs) [37]. Some Argonaute proteins catalyze the cleavage of target RNAs
recognized by a small RNA guide. Others function in regulation of mRNA translation in the
microRNA pathway. And some are implicated in transcriptional gene silencing through
modification of chromatin state.

The large number and apparent diversity of nematode Argonautes suggests a high degree of
specialization. Canonical RNA interference triggered by exogenous double strand RNA
(dsRNA) is mediated by RDE-1 [7]. Endogenously encoded siRNAs, which are proposed to
control cellular homeostasis, are loaded into ERGO-1 [8]. SAGO-1 and SAGO-2 (members
of the WAGO clade) are proposed to function in a systemic spreading mechanism, absent in
flies and mammals, that leads to silencing of sequences upstream from loci targeted by
primary small RNAs [8,38–40]. ALG-1 and ALG-2 load microRNAs required for the
temporal regulation of pattern formation during development [41]. The PIWI clade member
PRG-1 loads 21U-RNAs and is required for germline maintenance and fertility [42]. More
recently, WAGO-1 was shown to repress specific genes, transposons, pseudogenes, and
cryptic loci in conjunction with a class of guide sequences termed the 22G-RNAs [43], and
CSR-1 was shown to target euchromatic domains of the genome to enforce appropriate
assembly of kinetochores and to facilitate segregation of the holocentric chromosomes
[44,45]. Several additional argonautes do not have clearly delineated function.

Argonaute structure
Eukaryotic Argonautes consist of four domains: the N-terminal, PAZ, MID, and PIWI
domains [37]. A series of recent crystal structures of Argonaute-like RNA endonucleases
from hyperthermophilic bacteria begin to define the basis for guide and target recognition as
well as the mechanism of site-specific cleavage [46,47]. As predicted, the structure shows
that the 5′ monophosphate of the single stranded guide is lodged between the interface of the
MID and PIWI domain while the 3′ end is held by the PAZ domain (Fig. 4) [46]. Target
association is proposed to occur in two steps. First, the seed region of the guide pairs to the
target [48]. Pairing is limited to the seed due to the —doubly anchored conformation of the
guide. Once seed pairing is achieved, the helix propogates leading to dissociation of the 3′
end of the guide from the PAZ domain. This remodeling step positions the target adjacent to
the metal-coordinated catalytic residues in the PIWI domain required for target cleavage. A
minimum of fifteen contiguous base pairs is necessary to mediate the remodeling event,
which explains why most microRNAs—which typically recognize their targets through
incomplete pairing—do not guide cleavage of their mRNA targets.

Implications for nematode-specific Argonautes
The features of the bacterial Argonaute structures shed light on the function of worm-
specific Argonautes. WAGOs involved in systemic spreading lack the residues that
coordinate the divalent metal ion required for target cleavage. This suggests that they do no
regulate their RNA targets by guide directed cleavage [8]. However, they do load guide
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sequences that are at least in principle capable of completely base pairing with their target
RNAs. It is not known if these proteins direct a two-step recognition process to bind to their
RNA targets. If not, then complementarity between the 3′-end of the guide and the target
RNA may be dispensable for function, increasing the number of potential targets as well as
increasing the opportunity for off target effects. If so, then cleavage-independent RNA
silencing must be possible in a conformation that includes significant pairing between the
guide and the target.

In contrast, CSR-1 is capable of guide-directed RNA cleavage in worm extracts, implying
but not proving that cleavage activity plays a role in their biological function [44]. The guide
RNAs recognized by CSR-1 harbor a 5′-triphosphate moiety, unique among all Argonaute
proteins studied. It is not clear how CSR-1 preferentially accommodates a triphosphate
moiety in place of the canonical 5′-monophosphate. The 5′-triphosphate group enhances
cleavage activity in extracts relative to the identical sequence with a 5′-monophosphate,
suggesting this group functions in some aspect of target cleavage [49]. More work is needed
to delineate the basis for 5′-end discrimination by CSR-1.

Concluding remarks
The function of RNA-binding proteins is dictated by their structure. For RNA-binding
protein families where a common domain has evolved new binding specificity, it is
important to understand how structural changes define the basis for novel function. While
genetics and biochemical experiments can identify the critical sequence elements, they
cannot in most cases address how these elements contribute to novel function in a
mechanistic sense. Thus, it is important to continue to put effort into structural studies
beyond the first structure in an RNA-binding protein family. Structural experiments can
provide key insights needed to understand biological function.
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Figure 1.
Anatomy of C. elegans hermaphrodite reproduction. A. A single gonad arm from a
hermaphrodite worm is shown. The gonad is highlighted in false color. The distal arm of the
germline contains mitotically dividing progenitor cells (red). There is a transition (orange)
from mitosis to meiosis concurrent with a transition from a single-celled state to a syncitial
region (blue). Meoitic nuclei recellularize, first to form spermatocytes in the L4 larval stage
that are stored in the spermatheca (yellow), and then switch to form oocytes (purple) at the
onset of adulthood. B. Pattern of the first two cellular divisions after fertilization. The
anterior and posterior poles are marked. C. Pattern of division and early lineage of
embryogenesis. Several founder cells are established early in embryogenesis that go on to
form different tissues in the adult. Adapted with permission from [50].
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Figure 2.
Crystal structures of PUF domain proteins bound to RNA. A. The structure of human Pum1
bound to the NRE. Each PUF repeat specifies a single nucleotide [22]. B. Structure of C.
elegans FBF bound to the FBE, similar to the NRE but containing an additional nucleotide
[18]. Here, the reduced curvature of the protein enables recognition of a nine nucleotide
consensus with an eight repeat PUF domain. One nucleotide flips away from the binding
surface of the protein, and eight form interactions with each repeat. The region of the protein
that confers FBF-like specificity when swapped into PUF-8 is shown in red.
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Figure 3.
NMR structure of Human Tis11D bound to RNA [33]. Each zinc finger domain
independently recognizes the sequence UAUU through a combination of base-specific
hydrogen bonding interactions and stacking interactions driven by aromatic side chains. The
inset shows recognition of adenosine in the N-terminal finger. Three amino acids (blue),
glutamate, leucine, and cysteine, come together to form an adenosine (violet) recognition
pocket. The exocyclic amine hydrogen bonds with the glutamate side chain and the
backbone carbonyl of the leucing. In MEX-5, the glutamate is replaced with an arginine
(red), which is proposed to flip away from the adenosine and form non-specific interactions
with the backbone of adjacent nucleotides [35].
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Figure 4.
Crystal structure of a Thermus thermophilus DNA-dependent RNA endonuclease related to
eukaryotic Argonaute proteins [46]. The structure shows the protein bound to a DNA guide
(green) and a target RNA (violet). The 5′ monophosphate end of the guide is anchored in a
cleft between the MID and the PAZ domains. Nucleotides 2–8, which comprise the seed, are
exposed on the surface of the protein complex and as such are positioned for substrate
recognition. Pairing of the 3′-end of the guide with the target RNA aligns the scissile
phosphate (red sphere) with the catalytic residues in the protein. The inset shows the guide
target interaction in the absence of protein for clarity.
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