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The GW182 proteins are a key component of the miRNA-dependent post-transcriptional silencing pathway in
animals. They function as scaffold proteins to mediate the interaction of Argonaute (AGO)-containing complexes with
cytoplasmic poly(A)-binding proteins (PABP) and PAN2-PAN3 and CCR4-NOT deadenylases. The AGO-GW182
complexes mediate silencing of the target mRNA through induction of translational repression and/or mRNA
degradation. Although the GW182 proteins are a subject of extensive experimental research in the recent years, very
little is known about their origin and evolution. Here, based on complex functional annotation and phylogenetic
analyses, we reveal 448 members of the GW182 protein family from the earliest animals to humans. Our results indicate
that a single-copy GW182/TNRC6C progenitor gene arose with the emergence of multicellularity and it multiplied in the
last common ancestor of vertebrates in 2 rounds of whole genome duplication (WGD) resulting in 3 genes. Before the
divergence of vertebrates, both the AGO- and CCR4-NOT-binding regions of GW182s showed significant acceleration in
the accumulation of amino acid changes, suggesting functional adaptation toward higher specificity to the molecules
of the silencing complex. We conclude that the silencing ability of the GW182 proteins improves with higher position in
the taxonomic classification and increasing complexity of the organism. The first reconstruction of the molecular
journey of GW182 proteins from the ancestral metazoan protein to the current mammalian configuration provides new

insight into development of the miRNA-dependent post-transcriptional silencing pathway in animals.

Introduction

In animals, most miRNA sequences are only partially comple-
mentary to the sequences they regulate, and catalytically active
Argonaute (AGO) proteins do not cleave their targets. To medi-
ate silencing, AGOs must interact with proteins of the GW182
family  [glycine-tryptophan  repeat-containing  protein  of
182 kDa]."* Consequently, GW182 proteins play a key role in
miRNA-dependent post-transcriptional silencing in animals by
functioning as scaffold proteins for the assembly of effector com-
plexes. The AGO-GW182 complexes mediate silencing of the
target mRNA through induction of translational repression and/
or mRNA degradation [for a review see ref. 2].

To promote mRNA degradation, the GW182 proteins
recruited by AGOs interact with the cytoplasmic poly(A)-binding
protein (PABP) * as well as CCR4-NOT and PAN2-PAN3 dead-
enylase complexes.”'> CCR4-NOT and PAN2-PAN3 remove the
poly(A) tail and trigger mRNA decay. The CCR4-NOT complex

further recruits DDXG6, an RNA helicase that acts as a translation
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repressor and decapping activator.' > Following decapping by the
DCP1-DCP2 complex mRNAs are degraded by the cytoplasmic
5'-to-3' exonuclease XRN1 [for a review see ref.'?]. The mecha-
nism of miRNA-mediated translation repression may involve dis-
tinct steps, including eIlF4E/cap recognition and 43S ribosome or
608 ribosome joining [for a review see ref."].

GW182 proteins share a common domain architecture con-
sisting of 2 conserved structural parts: a central ubiquitin-associ-
ated (UBA-like) domain and a C-proximal RNA recognition
motif (RRM). These domains are embedded in regions that are
predicted to be intrinsically unstructured."'® The unstructured
regions include the N-terminal, Mid (M1 and M2 separated by
PAM2 motif) and C-terminal tryptophan(W)-containing frag-
ments,® as well as a glutamine-rich (Q-rich) region located
between the UBA-like and RRM domains (Fig. 1B).

The W-containing regions exhibit high length diversity,
sequence conservation and a number of tryptophan repeats.'”'®
Interestingly, these sequences play an essential role in miRNA-
dependent silencing, in contrast to the well-defined domains
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Figure 1. Metazoan evolution of GW182 proteins from sponges to human. (A) Evolutionary lineage of the metazoan organisms analyzed in this study
based on.?® The total number of identified metazoan species is indicated.
groups shown on the tree (A). GW182 proteins are listed according to the alignment of RNA Recognition Motif (RRM) highlighted as a black-bordered

(B) Domain structure of GW182 proteins from selected species representing

(RRM and UBA-like) that are not strictly required for GW182
activity.” The N-terminal WG/GW repeat-containing region
(ABD, AGO-binding domain) binds the PIWI domain of AGO
proteins, while the W-rich region in the C-terminal part of the
protein (SD, silencing domain) interacts with PABP through
the PAM2 motif and serves as a binding platform for PAN3 and
the NOT1 and NOT9 components of the PAN2-PAN3 and
CCR4-NOT deadenylase complexes.””'*

The role of GW182 proteins in miRNA-mediated gene
silencing has been experimentally explored by genetic assays in C.
elegans, RNAI screens in D. melanogaster, and biochemical purifi-
cations of AGO-containing complexes from human cells [for a
review see ref. 2]. Although the function of GW182 proteins is
becoming clear, very little is known about their evolution because
the proteins that have been predominantly studied are restricted
to narrow taxonomic ranges. Three paralogs (TNRC6A,
TNRC6B, TNRC6C) have been identified in vertebrates, up to
3 in insects (GW182)*'>'"!? and one in Cnidaria.?® Members
of the GW182 gene family in other early branching metazoan
lineages have not been characterized. The C. elegans genome enc-
odes 2 proteins: ALG-1-interacting protein 1 (AIN-1) and AIN-
2, which interact with AGO proteins (ALG-1 and ALG-2) and
are required for miRNA function.?'* AIN-1 and AIN-2 contain
a small number of GW repeats and lack a defined glutamine-rich
region, UBA domains and RRMs. Based on this observation,
Eulalio et al. (2009) proposed that AIN-1 and AIN-2 are not
members of the GW182 protein family but are functional
analogs.m

In this study, we reveal the complex composition of the
GW182 gene family members in numerous vertebrate and inver-
tebrate lineages and propose a possible mechanism of their

evolution from the ancestral metazoan protein to the current
mammalian configuration. Our analysis involves an in-depth
exploration of sequence evolution dynamics inferred from inter-
and intra-protein comparisons. Finally, we apply a recently devel-
oped method for AGO- and CCR4-NOT-interacting domain
prediction '® to assess the molecular evolution of the post-tran-
scriptional silencing capacity of the GW182 proteins across the
metazoan tree of life.

Results

Early origin and distinct evolutionary pathways of GW182
proteins in animals

The application of sequence- and domain-based search strate-
gies against available genome data sets (see the Materials and
Methods section) resulted in the identification of GW182 ortho-
logs across all animal phyla, including the most basal species rep-
resented by Amphimedon queenslandica (sponges) and Trichoplax
adhaerens (placozoan) (Fig. 1A, Table S1). GW182 homologs
could not be detected in non-metazoan eukaryotes, including
fungi, plants and choanoflagellates (unicellular organisms consti-
tuting a sister group to metazoans), confirming that GW182s are
animal-specific and arose with the origin of multicellularity.

In total, we identified 448 GW182 genes in 185 genomes rep-
resenting major taxonomic groups of metazoa: Porifera (1), Pla-
cozoa (1), Cnidaria (2), Protostomia (48) and Deuterostomia
(133) (Fig. 1A, Table S1). As shown in Figure 1B, the domain
architecture of GW182 proteins is generally conserved across the
analyzed organisms and exhibits consistency in the content and
arrangement of functional modules. However, some lineage-
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specific differences are apparent; for example, the GW182 pro-
tein from V. vectensis contains an additional DnaJ domain at the
N-terminus of the protein (Fig. 1B). This domain is not present
in any other identified GW182 homologues. DnaJ-containing
proteins have been reported to be involved in the regulation of
the ATPase activity of the Hsp70/Hsp90 chaperone machinery,>
which is required for loading small RNA duplexes into AGO

proteins.26
Similarly, 2 splicing isoforms of the vertebrate TNRC6A gene
transcripts  (TNRC6A/TNGW1/GW220 and TNRCG6A/

GW182) differing only in the N-terminal region have been
reported in humans. The extended isoform contains an addi-
tional N-terminal 253 amino acids containing a polyglutamine
(polyQ) repeat motif.?” In our screening, these glutamine-repeats
were identified exclusively in mammals (Fig. 1, Fig. S1A) and
exhibit significant differences in the number and length of Q-
rich repeats. In non-mammalian vertebrates, the TNRCGA pro-
tein contains an N-terminal extension without a detectable
polyQ motif (Fig. S1B). No similar TNRC6A N-terminal exten-
sions could be identified in invertebrate species or in the sequen-
ces of the other 2 TNRC6 homologs.

Our results indicate that vertebrate genomes typically encode
3 GW182 proteins (TNRC6A-C), with the exception of fishes,
where up to 7 homologs could be identified. Conversely, 2 spe-
cies considered the most closely related to vertebrates, C. intesti-
nalis and B. floridae, contain only one copy of the GW182 gene
(Table S1). The expansion of the GW182 protein family is con-
sistent with the 2-rounds-of-polyploidization hypothesis of
whole-genome duplications (WGDs) early in vertebrate evolu-
tion.”*% The single-copy gene of the invertebrate GW182
ortholog has given rise to 3 paralogs located on different chromo-
somes; in humans, the TNRC6A, TNRC6B and TNRC6C
genes are located on chromosomes 16, 22 and 17, respectively.

Lineage-specific expansion of the

vertebrate-characteristic GW182 paralogs (TNRC6A, TNRC6B
TNRCG6C).

Our analysis of GW182 genes in insects also suggests line-
age-specific amplification. The 38 species representing major
taxonomic groups (Coleoptera, Diptera, Hymenoptera, Lepi-
doptera, Dictyoptera, Hemiptera and Phthiraptera) contain
one GWI182 gene (Table S1), including the best-studied
GW182 protein, Gawky/DmGW182 from D. melanogaster.
However, 4 mosquito species (Anopheles darlingi, Anopheles
gambiae, Aedes aegypti and Culex quinquefasciatus) possess 3
copies of GW182 genes. The phylogenetic reconstruction for
GW182 proteins from fly, lancelet and human indicates an
expansion of the GW182 proteins in mosquitos independent
of vertebrates (Fig. S3). In addition, the clustering on a single
chromosome and arrangement (separation by no or a couple
of genes) of the mosquito GW182 paralogs suggests that they
emerged most likely by 2 local duplication events in the
genome of their last common ancestor.

TNRCG6C is a founding member of the GW182 family in
vertebrates

The expansion of the GW182 gene family in vertebrates
and some insects raises a question about the orthologous rela-
tionship between members of the family. The GW182 pro-
teins exhibit high diversity in sequence length, conservation
and composition. Therefore, as discussed by Moran et al.
(2013), the alignment of full-length GW182 sequences is not
suitable for a reliable phylogenetic reconstruction.” In our
study, the phylogenetic relationship between the non-verte-
brate GW182 and vertebrate ohnologs TNRC6A, TNRCG6B
and TNRCG6C was reconstructed based on conserved multi-

ple-alignment sequence blocks using 4 distinct phylogenetic
methods (Materials and Methods). A tee (Fig. 2) was

GW182 gene family occurred in ray-
finned (actinopterygian) fishes, where 5
to 7 copies of GW182 genes could be
identified. This group includes zebrafish
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(D. rerio) with 7 copies, blind cave fish
(A. mexicanus) containing 6 copies and 7
other species (for example, fugu fish—T7.
rubripes) with 5 copies of GW182 genes
(Table S1, Fig. S§2). Such multiplication
of GW182 genes supports recent phylo- | —
genomics studies that propose a lineage-
specific, third genome duplication in ray-
finned fishes (FSGD or 3R).>! Interest-
ingly, only the TNRC6B and TNRC6C
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group (Fig. S2). By contrast, lobe-finned
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to 4 GW182 genes. For example, Latime-
ria chalumna contains an extra copy of

Figure 2. Bayesian inference consensus tree of GW182 paralogs (TNRC6A-C) in vertebrates using D.
melanogaster and B. floridae as the out-group. Bayesian support values are given on all branches;
bootstrap values found by ML (PhyML), NJ (Phylip) and MS (Phylip) approaches are in brackets. Spe-
cies abbreviations: Dme (Drosophila melanogaster), Bfl (Branchiostoma floridae), Cmi (Callorhinchus
milii), Gga (Gallus gallus), Xtr (Xenopus tropicalis) and Hsa (Homo sapiens).

the TNRC6B gene in addition to the 3
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The modular and multi-functional
nature of the GW182 protein suggests
that its components may be under dif-

ferent functional or selective con-

Figure 3. The Ka/Ks ratio values for different domains in GW182 proteins. (A) The Ka/Ks frequency distri-
bution for the UBA, PAM2, RRM, ABD and MMC domains. The Ka values of the ABD and MMC domains
plotted against those of the (B) RRM domain, (C) UBA domain, (D) and PAM2 motif of the same protein.
The line indicates a one-to-one relationship between the Ka values of the 2 domains.

straints. To investigate the variability
in selective pressure on different func-
tional fragments of GW182, we calcu-

constructed from representative taxonomic groups: arthropods
(D. melanogaster), cephalochordata (B. floridae), fishes (C.
milii), amphibians (X. tropicalis), birds (G. gallus) and mam-
mals (H. sapiens). This tree is supported by all used phyloge-
netic algorithms and suggests that TNRC6C was the
founding member of the vertebrate gene family and repre-
sents the ortholog of invertebrate GW182 genes. The phylo-
gram indicates TNRCG6A and TNRCG6B as second and third
subfamilies that diverged from the common stem of the ver-
tebrate GW182 evolutionary tree.

A similar pattern of divergence in phylogenetic reconstruc-
tion is exhibited by the subfamilies of GW182 paralogs from
mosquitos (Fig. 8§3). Although these subfamilies are the prod-
ucts of independent, lineage-specific local duplication events,
we propose to name them by following the scheme of diver-
gence of vertebrate genes. In this way, the group represented by
the sequences XP_001854407, XP_001652771, XP_317704,
and ETN62198, which includes true orthologs of invertebrate
and vertebrate TNRCG6C genes, would constitute the GW182C
family. Then, following the order of separation, the GW182A
group is represented by the sequences XP_001862092,
XP_001652770, XP_001237966, and ETN62199, and
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lated the synonymous (K5) and non-
synonymous (Ka) substitution rates, a
widely accepted indicator of selective pressure,’ for the W-rich
regions (ABD and MMC) and the globular domains RRM, UBA
and PAM2 motif for each combination of identified orthologous
pairs (Fig. 3A; Fig. S4). The frequency distribution and the
mean of the Ka/Ks ratios for ABD (mean = 0.63, stdev = 0.33)
and MMC (mean = 0.54, stdev = 0.30) are significantly differ-
ent (Welch Two Sample #test: p < 1e-05, F-test: p < 1e-05)
from the values calculated for the RRM
(mean = 0.14, stdev = 0.13), UBA (mean = 0.19, stdev =
0.14) and PAM2 (mean = 0.19, stdev = 0.17) domains
(Fig. 3A; Fig. S4). This result indicates that the essential for the
miRNA mediated gene silencing W-rich domains (ABD and
MMC) are under significantly lower purifying selection and
most likely evolve more rapidly than other parts of the GW182
proteins.

To investigate the internal GW182 protein evolution dynam-
ics between the W-rich and remaining 3 conserved domains, we
compared the amino acid substitution rates of ABD and MMC
with those of UBA, RRM and PAM2 within the same proteins.
We found that the dynamics of non-synonymous substitutions
(Ka values) are generally higher in the domains required for
RNA silencing activity (ABD and MMC) than in other parts of

Volume 12 Issue 7



the protein (Figs. 3B-D). In all 3 cases, the values follow non-
continuous distributions with a gap in the range of 0.4-0.6 for
W-rich domain Kz values. This gap represents a shift in the
sequence change rates of the ABD and MMC domains between
vertebrates and other metazoans. Interestingly, a similar disconti-
nuity is apparent in the Kz value plot for the RRM domain; the
three separated clusters (Fig. 3B) represent sequences from basal
animals, arthropods and vertebrates and indicate different evolu-
tionary dynamics of the RRM domain among these organisms.
No significant differences (x? test: p = 0.65) were observed in
the Ka values of ABD and MMC domains from the same protein
(data not shown), which suggests that both domains evolve under
similar selective constraints (r> = 0.96). The relative substitution
rate (Ka/Ks) exhibited identical but less profound signals
(Figs. S4B-D), confirming that W-containing domains have
undergone a significant shift in the amino acid substitution rate
and accumulate sequence changes at a higher frequency than
other functional regions of GW182 proteins.

W-rich domains of GW182s show sequence adaptation
toward higher specificity to the molecules of the silencing
complex

To further explore the mechanisms involved in the evolution
of the GW182 proteins, we compared the sequence change
dynamics of the W-rich domains involved in RNA silencing with
those of their interaction partners: the ABD versus PIWI domain
of AGOs and the MMC vs. CNOT1, CNOT9 and C-terminal
domain of PAN3 proteins. As shown in Supplemental Figure 5A
and B, the relative sequence change (Ka/Ks ratio) values for ABD
and MMC domains form 2 clusters: one with stable values of
approximately 0.2 (corresponding to vertebrate sequences) and a
second sharply declining over time, approximated here by Ks val-
ues. The decreasing trend indicates positive selection or relaxa-
tion of negative selection on both domains and is slightly more
pronounced for the ABD domain. By contrast, the Ka/Ks values
for GW182 binding partners are consistently low: PIWI (mean
= 0.04, stdev = 0.04), CNOT1 (mean = 0.03, stdev = 0.03),
CNOT9 (mean = 0.02, stdev = 0.02), and PAN3 (mean =
0.05, stdev = 0.30) (Fig. S5). As expected from the conserved
function in miRNA-guided gene silencing, these low values
imply strong purifying selection acting on these proteins. In addi-
tion, the distribution of the Ka/Ks frequency in GW182-interact-
ing domains (Fig. S5E) is narrow with a sharp peak around the
median and mean, confirming a homogeneous negative selective
constraint acting on these domains.

The selective pressure (Ka/Ks rates) for the ABD and MMC
fragments highly deviates from the patterns observed for other
parts of the TNRC6C/GW 182 proteins (Fig. 3A). To investi-
gate the pattern of these differences, we plotted the Ka/Ks ratios
of these 2 domains using all-versus-all TNRC6C/GW 182 ortho-
log comparisons (Fig. 4). The highest substitution rate (0.63—
1.53 for ABD and 0.21-1.16 for MMC) occurs among basal
metazoans such as sponges (A. queenslandica), placoza (T. adbae-
rens) and cnidarians (V. vectensis, H. vulgaris), as well as leeches
(H. robusta), mollusks (C. gigas, L. gigantea, A. californica) and
worms (S. kowalevskii). A slight decrease in the Ka/Ks values for
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the ABD (0.14-0.83) and MMC (0.13-0.74) domains can be
observed in arthropods (D. pulex, T. castaneum, D. melanogaster,
A. pisum, N. vitripennis, Z. nevadensis, I. scapularis, S. maritima)
and chordates (S. kowlevskii, B. floridae). The dynamics of amino
acid change decrease sharply in vertebrate TNRCG6Cs for both
fragments (0.04-0.26 for ABD and 0.02-0.22 for MMC), sug-
gesting purifying selection mechanisms acting on these 2 func-
soon after TNRCG6C duplication events.
Interestingly, the amino acid substitution rate for all tested

tional regions
organisms is on average slightly higher for ABDs than deadeny-
lase complex-binding domains, particularly in basal metazoans.
Among paralogous genes (TNRCG6A-C), no significant differ-
ences in the Ka/Ks ratios for the ABD and MMC domains are
observed, indicating that these regions are under homogeneous
negative selective constraints in vertebrates. These results are con-
sistent with biochemical studies demonstrating that GW182
paralogs in human associate with all 4 AGOs (AGO1-4) and
with a common set of miRNA targets [for a review see ref. 2].

Silencing ability of the GW182 proteins improves along
higher position in taxonomic classification
We recently developed a computational sequence-based

method'®??

that allows functional identification and quantitative
annotation of highly variable W-containing motifs involved in
RNA silencing (ABD and MMC). Application of the W-search
annotation tool to the GW182 protein sequences identified in
this study yields increasing prediction scores when moving from
basal metazoan species toward more complex higher organisms
(Fig. 5). The graphical presentation of the binding potential of
every 20-aa-long motif of the GW182 protein shown in
Figure 5A (AGO- and CCR4-NOT-binding score denoted by
color) reveals very variable binding capability and size of the
ABD and MMC/SD domains in invertebrate species. In verte-
brates, both domains become evolutionary more stable in terms
of size and score, with well-defined AGO-binding and CCR4-
NOT-interacting regions. A schematic presentation of the diver-
sity of the binding potential of the ABD and SD domains
(Fig. 5B) confirms the acquired stability of the ABD domain in
vertebrates. However, the SD domain seems to be more variable
only when the score values defining binding potential are
considered.

Based on the prediction results, we conclude that the ability of
GW182 to bind AGO and CCR4-NOT proteins improves with
higher position in the metazoan taxonomic classification and
increasing complexity of the organism. Such directed changes of
the amino acid sequence resemble classical models of adaptive
evolution and may suggest that GW182 proteins were under pos-
itive selection pressure toward higher binding affinity for molecu-
lar partners. This trend in the evolution of GW182 protein
function appears to have shifted to purifying selection during ver-
tebrate-specific duplication events. Subsequently, vertebrate
GW182 sequences do not exhibit significant sequence and func-
tional variability. The changes in the GW182 protein sequences
may therefore serve as an interesting example of evolution caught
in action.
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Figure 4. The Ka/Ks ratios in all-vs.-all species comparisons. The diagonal line divides the results for the Argonaute-binding domain (ABD) and the W-rich

Discussion

The GW182 proteins are the best-characterized AGO partners
in animal cells and have been intensively investigated because of
their primary function in RNA silencing.>** However, most of
this research has been performed using a limited number of
sequences from very few organisms: human, fly and worm. In
this study, we characterized the full complement of GW182-
related genes from the earliest metazoans to human. Our findings
address the origin, evolution and functional specialization of this
very important for RNA metabolism group of proteins.
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In general, the GW182 proteins evolved by speciation forming
singleton gene families. The family expanded to include 3 members
only in mosquitos and vertebrates. However, the expansion in these
2 groups was independent and a result of distinct mechanisms. In
the case of insects, the gene was amplified by tandem duplications.
By contrast, in early vertebrates, the multiplication of the GW182
gene family was a result of 2 WGD events. The various mechanisms
of GW182 expansion could have influenced the evolutionary
dynamics of their family members. It has been reported that ohno-
logs, defined as paralogs derived from a WGD event, are essential
in more biological processes than paralogs, which are a product of
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Figure 5. Evaluation of the AGO- and CCR4-NOT-binding capacity of GW182 proteins based on the Wsearch predictions at the level of (A) 20-aa-long
motifs (color denoting score) and (B) domains (circle size denoting score and length).

small-scale duplications.””?* In addition, ohnologs likely evolve
more slowly than locally duplicated paralogs.>®

Phylogenetic reconstruction of the identified GW182 homo-
logs allowed us to identify the founding members of the insect
and vertebrate families and establish their orthology relationships
with all other sequences. We postulate that TNRCG6C is the
ortholog of the invertebrate genes, including the D. melanogaster
GW182 protein. Similarly, we have determined the divergence
times for the mosquito gene family members and, following the
naming schema for vertebrate GW182 proteins, propose appro-
priate nomenclature (GW182A, GW182B and GW182C).
However, whether the presence of GW182 proteins as singletons
or 3-member families is a coincidence remains an open question.

In our quest for GW182 protein homologs, one exception

16

must be noted. As reported in previous studies, = we could
not identify orthologous sequences in C. elegans and other
nematodes. Instead, the genome of C. elegans encodes 2 func-
tional analogs of the GW182 proteins, AIN-1 and AIN-2.
However, the absence of canonical GW182 proteins is not an
exception; more than half of nematode genes are unique.’’
Nevertheless, using the AGO-binding prediction tool,'® we
identified as many as 10 nematode-specific W-containing pro-

teins, including AIN-1 and AIN-2, that may be involved in

www.tandfonline.com
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RNA silencing. Together, these results suggest that AGO-
and CCR4-NOT-binding capabilities evolved independently
at least twice in metazoans, confirming its importance in the
RNA silencing process.

The domain architecture of the GW182 homologs is, in gen-
eral, conserved across all investigated organisms. However, the
N. vectensis Dna] domain and TNRCOGA isoform-encoded N-ter-
minal extension indicate that the variety of possible domain com-
binations is not restricted to sequences located in the core of
GW182 proteins. The glutamine-rich tract found in mammalian
TNRCOA proteins merits special attention. Analysis of the W-
rich domain-containing proteins involved in RNA silencing and
deposited in the Whub portal'® indicates that such motifs are
also present at the C-terminal end of NRPE! in Arabidopsis as
well as in the AIN-1 and AIN-2 proteins of C. elegans. The
observed conservation between such distantly related organisms
strongly suggests the functional importance of these Q-rich tracks
in the RNA silencing process.

Our in-depth analysis of the dynamics of evolution of
GW182 protein domains allowed a clear distinction between
amino acid substitution rates in invertebrates and vertebrates,
which is particularly evident in the case of W-rich parts of the
Silencing Domain (ABD and MMC). By contrast, the well-
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defined motifs (UBA and PAM2) seem to have uniform rates of
divergence. However, in the case of the RRM domain, we distin-
guished 3 groups that were defined by different dynamics of
amino acid substitution rates. These groups represent vertebrates,
arthropods along with non-vertebrate chordata and basal inverte-
brates. It seems that evolution follows a different path in the case
of the RRM motif compared to other conserved domains. How-
ever, the function and importance of the RRM motif in GW182
proteins from fly and human are sdll not well studied. This
domain exhibits no detectable RNA-binding affinity in vitro and
lacks RNA-binding features.'” Similarly, the RRM domains iden-
tified in the GW182 homologs in this study also lack the charac-
teristic aromatic residues in the 2 conserved sequence signatures
RNP1 and RNP2.>® This suggests that the RRM motif in the
ancestral GW182/TNRCG6C proteins did not bind RNA and was
most likely involved in protein-protein interactions.

The diversity of the AGO-binding motifs appears to be one
of the main characteristics of the GW182’s ABD domain. For
example, in plants,” the sequences of AGO-binding proteins
(e.g., NRPEIL, SPT5, GTB1) exhibit very limited sequence sim-
ilarity even between closely related species. The multiple trypto-
phan residues in AGO-binding proteins are embedded in a
hyper-variable, low complexity sequences that form locally dis-
ordered regions with low overall hydropathy and high net
charge. This pattern may reveal an evolutionary compensatory
mechanism, in which elevated hydrophobicity brought by tryp-
tophan residues had to be compensated by an increased net
charge of small polar amino acids.'® As a result, the Trp(W)-
containing motifs (W-motifs) acquired features characteristic for
Short Linear Motif (SLiM) class of sequences that are defined
by a few affinity- and specificity-determining residues and short
length (from 3 to 11 amino acids).® Because of the limited
number of binding determinants in such motifs, novel SLiMs
can readily evolve de novo, adding new functionalities to pro-
teins. The results of our analysis of GW182 in metazoa indi-
cated high evolutionary dynamics of short linear W-motifs in
invertebrates. Interestingly, in parallel to plants, the RNAIi path-
way is a major anti-viral defense system in this group of organ-

40441 have evolved a number of

isms. Viruses, in turn,
adaptations to suppress and evade RNAi, for example, by
encoding proteins, often containing SLiMs that mimic and
block defense-related protein-protein interactions. For instance,
some plant viruses encode proteins that resemble WG/GW
motifs and target host AGO family members.**** For viruses
infecting invertebrates, suppressor proteins interact with AGOs
to inhibit their activity or to induce degradation 45-47. however,
it is not yet clear whether the interaction is mediated by W-
motifs. We therefore speculate that the accelerated rate of amino
acid change in ABD and MMC domains observed in inverte-
brate GW182 proteins may, to some extent, reflect the arms
race between hosts and pathogens. Accordingly, other studies
have indicated that the components of the RNA silencing path-
way in invertebrates are among the fastest evolving immune-
related genes.**>° Our results support the view that the diversi-
fication of the W-motifs, which are responsible for AGO/

CCR4-NOT recruitment, would be advantageous for adaptive

768

RNA Biology

evolution and a successful response to various continuously
changing pathogens.

Vertebrate-infecting viruses possess suppressor activity against
components of the silencing pathway. The recently described HIV
NEF protein binds human AGO?2 through its conserved GW
motifs. NEF also inhibits the slicing activity of AGO2 and disturbs
the sorting of GW182 into exosomes, resulting in the suppression
of miRNA-induced silc:ncing.51 This mechanism, which has not
been observed previously in any other virus that infects vertebrates,
opens new opportunities for studies of co-evolution between ani-

mal GW182 proteins and WG/GW-bearing viral proteins.

Materials and Methods

Identification of GW182 family members

A dual approach was used to identify GW182 proteins. First,
the full-length GW182 protein sequences from H. sapiens and D.
melanogaster were used as queries in BLASTp? searches against
the non-redundant protein databases of UniProtKB>® and
National Center for Biotechnology Information (NCBI). BLAST
hits with E-value < 1e-05 were further used in Pfam annotations
(version 27)*% to identify and extract the RRM and UBA protein
domains. In the second step, the alignments of both domains
were used to build HMM profiles using HMMER3 software >
and to re-screen the protein databases. The complete set of iden-
tified proteins (E-value < le-05) was annotated for conserved
domains by scanning against the InterPro,”® SMART,”’
PFAM>* and PROSITE’® domain databases. Finally, the results
of both approaches were merged to yield the full list of candidate
GW182 orthologous proteins, which were further evaluated for
synteny in shared domain order.

Phylogenetic analyses

Multiple sequence alignments (MSAs) were generated by the
M-COFEEE program,’” which computes a consensus alignment
from several MSA programs (Clustal W, Mafft, PCMA, Dialign,
Muscle, Probsons and T-Coffee). The sequence blocks that were
in perfect agreement across all alignment programs were used for
phylogenetic  reconstruction  employing 4  independent
approaches: Neighbor-Joining (NJ), Maximum Parsimony
(MP), Bayesian and Maximum Likelihood (ML). Both NJ and
MP analyses with 1,000 bootstraps were performed using PHY-
LIP v.3.695.°° ML analysis was conducted using the PhyML
v3.0°" with the LG model recommended by ProtTest v2.2.%
The frequencies of amino acids were estimated from the data set
and statistical support for the different internal branches using
the approximate Likelihood-ratio test.®> Bayesian trees with pos-
terior probabilities were constructed in MrBayes 3.2.2°%% with
mixed amino acid models (to reduce assumptions prior to analy-
sis), a gamma distribution for rate variation among sites, and a
proportion of invariable sites. Two independent runs were
launched (4 chains for each run) with one million generations of
Markov Chain Monte Carlo (MCMC) analyses sampled every
1000 generations and 25% of trees discarded as burn-in.
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Substitution rate estimations

The multiple alignments of the amino acid sequences of the
GW182 domains (ABD, UBA, MMC, RRM) and motifs
(PAM?2) of each member were converted into a codon alignment
by PAL2NAL,®® and the corresponding nucleotide sequences of
the domains were then extracted. The ratios of non-synonymous
(Ka) and synonymous (K5) nucleotide substitutions were calcu-
lated for each pair of orthologs using maximum likelihood-based
model-averaged methods implemented in KaKs_Calculator.®” As
a complementary approach, the distance-based Nei-Gojobori

estimation of Ka/Ks was calculated using the yn00 program in
the PAML package.®®

Prediction of ABD and MMC domains

The W-containing domains of GW182 proteins—ABD and
MMC-were predicted and scored using the Wsearch program.'®
Wsearch uses PSSM matrices and permits the detection of poten-
tially functional single W-motifs and the determination of their
boundaries, as well as statistical quantifications of predicted
sequences.'®
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