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Caenorhabditis elegans GLD-1, a maxi-KH motif containing RNA-binding protein, has various functions mainly during
female germ cell development, suggesting that it likely controls the expression of a selective group of maternal mRNAs.
To gain an insight into how GLD-1 specifically recognizes these mRNA targets, we identified 38 biochemically proven
GLD-1 binding regions from multiple mRNA targets that are among over 100 putative targets co-immunoprecipitated
with GLD-1. The sequence information of these regions revealed three over-represented and phylogenetically conserved
sequence motifs. We found that two of the motifs, one of which is novel, are important for GLD-1 binding in several GLD-1
binding regions but not in other regions. Further analyses indicate that the importance of one of the sequence motifs
is dependent on two aspects: (1) surrounding sequence information, likely acting as an accessory feature for GLD-1 to
efficiently select the sequence motif and (2) RNA secondary structural environment where the sequence motif resides,
which likely provides “binding-site accessibility” for GLD-1 to effectively recognize its targets. Our data suggest some
mMRNAs recruit GLD-1 by a distinct mechanism, which involves more than one sequence motif that needs to be embed-

ded in the correct context and structural environment.

Introduction

Germline and early development of various organisms is
highly dependent on the temporal and spatial control of mater-
nal gene products. In the C. elegans germline, most maternal
mRNAs that are destined to function in the oocyte and embryo
are initially transcribed during mitosis or early stages of meiosis
in germ cell nuclei, the same cells that proceed through the germ-
line to later produce oocytes."® Therefore, precise temporal and
spatial regulation of these maternal mRNAs is necessary to pro-
duce functional oocytes and is essential to allow specific patterns
of protein accumulation to direct normal embryo development.”
Key components of these post-transcriptional controls are RNA-
binding proteins (RBPs) that bind to regulatory regions gener-
ally located in the 5" untranslated regions (UTRs) and/or the
3'UTRs of their mRNA targets.’'

One of the major regulators of maternal mRNA expression
in the C. elegans germline is an RNA-binding protein, GLD-1
(GermLine Development defective). GLD-1 is a member of a
family of proteins, including human/mouse Quaking, SAMG68,
and Drosophila HOW that share an approximately 200 amino acid
conserved region called the GSG or STAR domain.>"”*® Within
this conserved region is a maxi-KH RNA-binding domain. In
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the C. elegans germline, GLD-1 primarily functions to inhibit
mitosis and/or promote germ cell entry into meiotic develop-
ment, ensure proper pachytene progression, oogenesis and early
embryogenesis, prevent germ cell apoptosis in early meiosis, pro-
mote spermatogenesis at early larval stages, and maintain germ
cell identity.'®"* Upon genetic elimination of gid-1, C. elegans
exhibits a loss of sperm production and germ cells that are under-
going oogenesis leave meiotic prophase and proliferate ectopically
to form a germline tumor or trans-differentiate into somatic cell
lineages. 224

Diverse germline functions of GLD-1 predicted that GLD-1
would control multiple maternal mRNAs, and these predictions
were experimentally confirmed.!"'>1>16192631 T these studies,
GLD-1 has been demonstrated to repress the translation of its
mRNA targets in the distal region of the wild-type adult her-
maphrodite germline where GLD-1 is abundant in the cyto-
plasm. Then as GLD-1 levels decrease around the loop region
and become undetectable in the proximal region, proteins of
GLD-1 mRNA targets are expressed in developing oocytes.

Many RBPs, including GLD-1, have multiple RNA targets,
which they recognize through specific binding sites.!»#"30323¢
Therefore, understanding how these RBPs can differentiate tar-
gets from non-targets in the cell is crucial to comprehending their
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selectivity and function. To date, studies have shown that many
RBPs generally bind to relatively degenerate, short sequence
motifs (core recognition site) that often reside either in the 5'
ends and/or 3’ ends of the mRNAs."%%7 However, these motifs
alone do not contain enough information for RBPs to select their
targets effectively. Several reports have revealed that other factors
surrounding the core recognition site can influence the selectivity
of RBPs. 342

There are a number of criteria that have been demonstrated to
regulate RBP-mRNA interactions. First, sequences surrounding
a core recognition site may cause differential binding. For exam-
ple, this contextual influence on the recognition sites in mRNA
targets was shown for the She-complex that regulates cytoplasmic
localization of selected mRNAs in Saccharomyces cerevisiae®® Via
a high-throughput selection strategy, Jambhekar et al. revealed
that a highly degenerate core recognition motif predicted to
lie in single-stranded regions of mRNAs is important for She-
complex-dependent transport. In addition, the selectivity of the
She-complex also requires specific sequence features adjacent to
the core recognition motif, a phenomenon referred to as “context
dependency.”

Second, several mRNA targets of RBPs have been shown to
contain binding sites that reside in specific secondary and/or ter-
tiary structures.”** Most RNA-binding proteins contain domains
that bind RNA in a sequence-specific manner (i.e., RNA recog-
nition motif [RRM] and the K homology [KH] domain) and
their ability to recognize the specific sequences is often affected
by the secondary structures surrounding the sequences.**** For
example, the mouse Prrp protein binds two motifs that have to be
located in single-stranded regions.” Other studies also reported
similar mechanisms of RNA binding.*
demonstrated that the sequestration of binding sites to single- or

47 Furthermore, it is also

double-stranded regions promoted or abolished protein binding,
respectively.” These studies highlight that secondary structures
dictate the physical accessibility of binding motifs.

To date, two studies have investigated the RNA binding
specificity of GLD-1 through comprehensive analyses.?”?° Both
groups reported that a core GLD-1 binding motif (GBM) is a
degenerate sequence that is similar, yet distinct, from the con-
served SBE motif first characterized by Ryder et al. In particular,
Wright et al. show that one or a combination of this motif is
sufficient to impose GLD-1-mediated translational repression.
In this study, we independently identified over 100 additional
putative mRNA targets of GLD-1 by co-immunoprecipitation
with GLD-1 from cytosolic extracts followed by microarray anal-
ysis (RIP-chip).*** Next, we selected 32 putative targets from
our RIP-chip analysis and identified specific regions in these
mRNAs that interact with GLD-1 biochemically (herein referred
to as GLD-1 binding regions). GLD-1 is able to interact with a
total of 38 GLD-1 binding regions in the 5/, 3', or both ends of
each of the 32 mRNA targets examined. Next, by utilizing the 38
GLD-1 binding regions, and thus, excluding regions of GLD-1
mRNA targets that likely have no relevance in GLD-1 binding,
we identified three over-represented sequence motifs through
computational analyses. Our findings expand on the results of
previous studies in that we demonstrate that two motifs, one of
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which is novel, are important for GLD-1 binding in four GLD-1
mRNA targets. Moreover, we demonstrated the ability of second-
ary structure to obscure a GLD-1 binding motif and that the
functionality of a GLD-1 binding motif is dependent on the sur-
rounding sequences.

Results

Identification of GLD-1 associated mRNAs in C. elegans

Previous study by Wright et al. subjected 3'UTRs of GLD-1
mRNA targets to identify over-represented hexamers based on
the assumption that GLD-1 would bind to 3'UTRs of all nRNA
targets. Since we previously showed that GLD-1 binds to only the
5'UTR of one target®® and both the 5" and 3'ends of another tar-
get'! we determined to narrow down true GLD-1 binding regions
from many mRNA targets biochemically and to utilize these bio-
chemically proven GLD-1 binding regions to define GLD-1 in
vivo binding rules. With multiple biochemically proven GLD-1
binding regions, we were able to identify new unknown binding
elements and the requirements of the context and structural envi-
ronment for GLD-1 to recognize its targets.

To expand and potentially have a complete list of GLD-1
mRNA targets, we employed a systematic approach using GLD-1
immunoprecipitation (IP) of protein-RNA complexes followed
by microarray detection strategy. A major improvement over the
previous method used to identify GLD-1 mRNA targets' was
the use of microarrays to detect enrichment of mRNAs in the
GLD-1 IP. Functional GLD-1 for IP was obtained from cytosol
extracts of a transgenic line in which the g/d-1(4485)-null mutant
was rescued by a genomic insertion (0zls2 [gld-1::gfp::flag])
encoding wild-type GLD-1 GFP fusion with the FLAG epitope
placed at the C terminus (GLD-1::GFP::FLAG). After FLAG
and control mouse IgG IP, RNAs were extracted and linearly
amplified, then subjected to microarray analysis with arrays that
have ~17500 genes (about 90% of protein-coding genes in the
C. elegans genome).””' We performed four microarray experi-
ments with the IgG and the FLAG immunoprecipitated RNAs.
Each experiment used RNA obtained from two independent IP
experiments. From the analysis of these four sets, we identified
129 genes that are enriched more than 2-fold in the FLAG IP (P
< 0.05). Among these, 49 genes were enriched more than 3-fold
(Table S1).

Recently, a study by Wright et al. (2011)" also identified
GLD-1 targets using a similar RIP-chip strategy. They reported
that 948 mRNAs were detected as > 3-fold enriched in their
analysis, as opposed to 48 in this study, which they were able to
further validate through subsequent deep sequencing (RNA-seq)
analyses.®® 109 of the targets Wright et al. identified were among
the 129 identified in this study. We suspect that the discrep-
ancy of our results may be due to mainly two factors: a different
immunoprecipitation strategy and the utilization of a different
microarray chip.

External validation of our RIP-chip experiments arises
from our previous identification of GLD-1 targets via the IP/
subtraction/cloning/sequencing strategy. We performed two
independent subtraction/cloning/sequencing experiments and
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Table 1. Functional representation of putative GLD-1 mRNA targets

Function* Gene size' | GLD-1 targets* | Significance
embryonic devel-
opment ending in ]
birth or egg hatch- 2338 46 1.52E-10
ing (GO:0009792)
cytokinesis ]
(GO:0000910) 105 9 8.78E-08
protein binding ]
(GO:0005515) 2098 38 1.04E-07
embryonic cleav-
age (GO:0040016) 181 10 1.02E-06
DNA replication
(GO:0006260) 47 6 1.27E-06
chitin meta-
bolic process 13 3 1.09E-04
(GO:0006030)
DNA repair
(GO:0006281) 104 6 127E-04
transferase activity
(GO:0016740) >94 14 1.39E-04
nuclease activity
(GO:0004518) 36 4 1.44E-04
chitin binding
(GO:0008061) 16 3 2.11E-04
nucleotidyltrans-
ferase activity 43 4 2.90E-04
(GO:0016779)
glutamate-ammo-
nia ligase activity 5 2 5 43E-04
(GO:0004356)
glutamine bio-
synthetic process 5 2 5 43E-04
(GO:0006542)
centrosome
(GO:0005813) 23 3 6.42E-04
P granule
(GO:0043186) 24 3 7.29E-04
oocyte maturation ]
(GO:0001556) K 2 1.92E-03
cleavage furrow
(GO:0032154) ° 2 1.92E-03
nitrogen
compound 1 5 ) 50503
metabolic process
(GO:0006807)
cell cycle
(GO:0007049) 83 4 3.43E-03
protein domain
specific binding 12 2 3.46E-03
(GO:0019904)

*Function represents similar functional groups of genes classified into the
same category according to GO identifier (http://www.geneontology.org);
tGene size represents the total number of genes in each functional group
in the entire C. elegans genome; $GLD-1 targets indicate the number of
GLD-1 targets observed in the same functional group.
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identified 16 mRNA targets in both experiments." Of the 49
putative targets that were enriched more than 3-fold in the RIP-
Chip, we previously identified 12. Of the 80 putative targets
enriched between 2- to 3-fold by RIP-chip, two were previously
identified (Table S1). Thus, we identified 14 of the 16 GLD-1
mRNA targets identified previously and failed to identify two:
lin-45 and B0280.5. /in-45 was not on the array while signals
for B0280.5 fell well below the baseline, indicating inefficient
spotting on the array. Moreover, targets identified by others were
also enriched greater than 2-fold in our experiment (e.g. glp-1)."

To validate the microarray data further, we examined 73 puta-
tive targets for enrichment in the FLAG IP via real-time RT-PCR
analysis. In addition, we examined several mRNAs that are not
enriched in the FLAG IP as controls. For 70 of 73 targets exam-
ined, we found that the fold enrichment in the real-time RT-PCR
was roughly proportional to that in the RIP-chip analysis. Only
three targets appear to be false-positives as their fold enrichment
in the RIP-chip by the real-time RT-PCR was approximately 1.
In addition, the fold enrichment of several controls was approxi-
mately 1 (Table S1). Taken together, these data provide strong
proof of principle that the majority of the 129 RIP-chip-defined
targets likely interact with GLD-1 in vivo. However, we cannot
rule out the possibility that our analysis was not able to pick up
other true GLD-1 mRNA targets. In addition, several GLD-1
targets identified previously have fold enrichment of a little less
than two, including pie-1 and cey-2."52 Thus, we expect that the
number of GLD-1 mRNA targets is likely more than 129, which
is consistent with the various functions that GLD-1 controls dur-
ing C. elegans germline development.

Functional annotation of GLD-1 targets

To explore functional themes of the putative GLD-1 targets,
we subjected the 129 targets that were enriched more than 2-fold
in our RIP-chip analysis to enriched Gene Ontology (GO) analy-
sis. As putative GLD-1 mRNA targets, we expected that their
encoded functions should play a role in the germline and early
embryo. GLD-1 mRNA targets are significantly enriched in 32
functional groups (Table S2), 10 of which correspond to the GO
terms enriched in the Wright et al. (2011) study (cytokinesis, cell
division, embryonic development, reproductive processes, cell
cycle, DNA replication, DNA metabolic process, and cell fate
commitment). This was not surprising since 109 of the 129 puta-
tive GLD-1 targets presented here were also detected by Wright
et al.>® Table 1 represents 20 of the most significantly enriched
functional groups. Among them, at least 14 represent the germ-
line and early embryo processes that GLD-1 controls.

First, they include oogenesis, reproduction, and embryogen-
esis as expected for GLD-1 targets. Second, they also include
DNA replication, mitosis, cell division, and cell cycle, again as
expected since GLD-1 inhibits mitosis and promotes entry into
meiosis.”"* Third, they also include a few nucleases that likely
function during apoptosis as GLD-1 inhibits apoptosis in early

meiosis.'® These results are consistent with previous studies of

GLD-1 protein. 161223

GLD-1 binds 5" and/or 3'ends of its mRNA targets

The mechanism(s) by which GLD-1 specifically recognizes
and binds its mRNA targets among thousands of mRNAs
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Table 2. Thirty-two validated GLD-1 targets have 38 GLD-1 binding regions

GLD-1 Targets* Microarray GLD-1 binding"
Description"

Sequence name | Genename | FLAG/IgG* P valuef 5'end | 3'end
7C5136 oma-2 13.47 2.00E-05 Zi”chli:ﬂe;i E;‘:f:;pf the v Y
T05G5.7 rmd-1 8.75 1.10E-03 TPR domain N/D Y
T11F8.3 rme-2 8.36 8.00E-05 Yolk receptor Y Y

Y75B12B.1 N/D 8.01 8.00E-04 Probable transposase Y N
C50B6.2 nasp-2 7.66 6.00E-04 Histone binding protein Y N
C07G2.1 cpg-1 7.40 2.00E-04 Chitin binding peritrophin N Y
F32B6.5 sss-1 6.10 1.01E-02 Sperm-specific protein family, S class Y Y
F44D12.4 N/D 5.11 5.90E-03 PDZ domain N/D N
HO02112.1 cbd-1 4.87 2.00E-04 Chitin binding peritrophin Y N
R09B3.1 exo-3 4.83 1.10E-03 Exonuclease Y N
TO1H8.1 rskn-1 4.69 1.00E-03 Protein kinase C N Y
C09G9.6 oma-1 417 0.00E+00 Zi"‘ﬁ:ﬂe;iﬁ;"etre:;p‘gthe Y Y
ZK829.5 tbx-36 4,11 5.50E-03 T-box transcription factor N Y
F14B4.2 N/D 4.04 2.62E-02 Hexokinase N Y

T23G11.2 gna-2 399 | 3.00E-04 G";lfzzaert‘;ilr‘tfarr’gfgr’;?zte Y N
W09C5.2 unc-59 3.90 4.20E-03 Septin required for axon N Y

and DTC migration
TO7A9.6 daf-18 3.84 7.00E-04 PTEN lipid phosphatase N/D N
F43G6.1 dna-2 3.68 5.10E-03 Endonuclease/helicase N Y
T01C3.2 N/D 3.38 1.46E-02 unknown N/D Y

F26D10.10 gln-5 332 1.00E-04 Glutamine sythetase N Y
T27E9.3 cdk-5 3.13 8.30E-03 Cyclin-dependent kinase N/D Y

Y49E10.14 pie-1 2.90 6.30E-03 CCCH zinc finger protein N Y
F19B6.2 ufd-1 2.55 3.60E-03 Ubiquitin fusion degradation protein N Y

Y47G6A.8 crn-1 2.55 3.00E-03 Cell death-related nuclease N Y
T13F2.9 N/D 2.53 2.06E-02 unknown N/D Y
MO4F3.1 rpa-2 237 1.00E-03 unknown Y N
T27F2.3 bir-1 2.21 2.70E-03 Chromosome segregation N/D Y
F35B12.5 sas-5 2.16 1.00E-04 Centriole formation Y Y
TO6E6.2 cyb-3 1.86 7.10E-03 A member of the cyclin B family N Y
F58A4.3 hep-3 180 | 560603 C(Eggg;”: Leo’z‘;fzg N Y
F52B5.5 cep-1 164 1.94E-02 ?;t:g':’ig;:g;gfg‘;; N y

Y73B6A.55 lin-45 N/D N/D vertoegg‘t’éosrgtf;:eR AF N Y

*Sequence and gene names of 32 targets examined; 'TFLAG/IgG ratios in decreasing order in microarray analysis. With the
exception of TO6E6.2, F58A4.3, and F52B5.5, all targets have an enrichment of > 2.0 in the GLD-1-FLAG IP compared with the
1gG IP; ¥P values of microarray analysis; °Y73B6.A.5 was not spotted in the microarray analysis but was identified previously
(Lee and Schedl, 2001); "Short descriptions of the functions of targets if known; *(Y) and (N) indicate that GLD-1 was detectable
(binding) and undetectable (not binding) via western blot analysis after biotin-RNA pull down assays. (N/D) indicate that bind-
ing assays were not performed.
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expressed in the germline is still not fully understood.
To date, two studies have comprehensively explored the
RNA binding specificity of GLD-1.#%° Both groups
reported that a core GLD-1 binding motif (GBM) is a
degenerate sequence similar to the conserved SBE motif
first characterized by Ryder et al. (2003), where Wright
et al. (2011)"! showed that one or a combination of
these motifs was both necessary and sufficient to con-
fer GLD-1 binding. However, in our analysis (explained
below), we found several GLD-1 binding regions do not
contain this degenerate GBM or SBE, while others con-
tain only one GBM that is weakly conserved. This led
us to hypothesize that GLD-1 recognition and binding
cannot be limited to just one universal sequence motif,
but perhaps involves more than one or a combination of
distinct motifs and/or mechanisms.

To more completely define the rules through which
GLD-1 distinguishes mRNA targets from non-targets
and represses their translation, we utilized a differ-
ent approach from previous studies. This systematic
approach was based on the hypothesis that the GLD-1
binding motifs should be over-represented in the bio-
chemically proven GLD-1 binding regions (GBRs).
We first narrowed down regions from multiple GLD-1
mRNA targets identified through our GLD-1 RIP-chip
analysis. Then, we examined whether these regions could
bind GLD-1 through GLD-1/Biotin RNA pull-down
assays.'! Finally, after identifying a significant number
of GBRs, we performed two independent computational
analyses to identify over-represented sequence motifs
embedded in the GBRs.

We used wild-type cytosol extracts to identify GBRs
on multiple targets successfully in earlier studies.!"!¢!*28
Because we use cytosol extracts, we could identify bind-
ing regions, and therefore binding motifs, of not only
GLD-1 but possible in vivo GLD-1-containing com-
plexes. Previously, we examined entire mRNAs, includ-
ing 5'UTR, ORF, and 3'UTR of six mRNA targets of
GLD-1 (gna-2, rme-2, oma-1, oma-2. lin-45, and cep-
I) to narrow down GBRs.'"'®?® From these studies,
we demonstrated that GLD-1 bound the 5UTR and/
or 3’'UTR. In addition, GLD-1 bound to the ORF of a
few targets, but only near the 5’ or 3" ends of the ORF.
Thus, to increase the number of GBRs, we focused on
the untranslated regions (UTRs) and 150 bases at the
beginnings and ends of the open reading frames of addi-
tional mRNA targets (see Materials and Methods). We
selected 26 additional GLD-1 targets identified through
our RIP-chip experiments that have diverse functions
throughout the germline development (Table 2).

After cloning and thorough binding analysis of a
combined 32 GLD-1 mRNA targets, we concluded that
GLD-1 binds to either the 5, 3', or both ends of essen-
tially all mRNA targets examined, validating that our
GLD-1 RIP-chip data identified authentic targets. In
brief, we were able to identify 38 GLD-1 binding regions
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Figure 1. GLD-1 binds to the 5, 3" or both ends of 32 mRNA targets. (A) GLD-1 binds
to the 3’ end of T01C3.2 and the 5'end of MO4F3.1 RNAs. Western blot analysis of
GLD-1/ Biotin-RNA pull-down assays of the 5" and 3’ ends T01C3.2 and M04F3.1
mRNAs. All biotin-labeled RNAs (400 ng) were incubated with increasing amounts
of wild-type cytosol extracts (50-150 ug) and then the RNA-protein complexes were
isolated with Streptavidin-magnetic-beads. A western blot analysis was performed
to detect the presence of GLD-1 in the complex. GLD-1 was probed in the cytosolic
extract in the 1st lane, and no RNA was added to the binding reaction in the sec-
ond lane. tra-2 3'UTR was used as a positive (+) control with increasing amount of
cytosolic extract in the third and fourth lanes. Subsequent lanes represent binding
reactions with 5" and 3’ ends of T01C3.2 and M04F3.1 biotin-labeled RNAs. Boxes
at each lane are proportional to the amount of extract used. (B) GLD-1 binds to 38
regions in 32 mRNA targets. 32 GLD-1 targets identified in the RIP-chip analysis were
employed to identify GLD-1 binding regions. GLD-1 was able to bind to the 5, 3/,
or both ends of all targets. For each region, the GLD-1/biotin RNA binding assays
and western blot analyses were performed at least twice to validate the consistency
of the results. White and gray bars indicate the 5’ and 3’ coding regions, respec-
tively, and the gray lines indicate the untranslated regions (UTRs). A Patser scan
was performed to locate the over-represented motif A, B, and C identified through
PhyloCon and PhyloNet within the 38 GLD-1 binding regions, which are marked at
approximate locations. Blue “A,” red “B,” and green “C” represent the Motif A, Motif
B, and Motif C, respectively.
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Figure 2. Over-represented sequence Motifs A, B, and C were identified and
examined for their importance in GLD-1 binding. (A) The sequences of 38 GBRs
from 32 mRNA targets and their corresponding orthologous regions from four
closely related nematodes were subjected to PhyloCon and PhyloNet analyses,
and sequence Motif A and B (PhyloCon and PhyloNet) and C (PhyloNet) were
identified as over-represented. Each motif is represented as a logo that shows
a graphical representation of a nucleic acid multiple sequence alignment. The
overall height of the stacked nucleotides within each motif indicates the degree
of sequence conservation at the position, while the height of symbols within
the stack indicates the relative frequency of each nucleic acid at the position. (B)
Motif B is important for GLD-1 binding in R09B3.1 5’ end. Single or double muta-
tions containing mutations in Motif B significantly reduces GLD-1 binding to the
R09B3.1 3’ end. The RNA sequence of the R09B3.1 3’ end is shown (top). Sequence
in lower-case represents the 5’UTR and in upper-case the first 150 nucleotides of
the ORF. The Motif A and B are depicted in the sequence. The four most conserved
nucleotides were mutated, where the Motif A was mutated to “AUCUUGG” while
the Motif B is mutated “UAGAUU". Biotin-RNA pull-down assays were performed
with the wild-type and mutated R09B3.1 3’ end as described previously. Boxes at
each lane are proportional to the amount of extract used.

In order to further increase our probability of find-
ing over-represented and conserved sequence motifs, we
included orthologous regions to the 38 GBRs from four
closely related nematode species: C. briggsae C. remanei,
C. japonica, and C. brenneri. The C. elegans GLD-1 and
GLD-1 from other nematode species are likely to have
a similar set of mRNA targets and, thus, the binding
motifs therein.!>> Two compurtational analyses were per-
formed: PhyloCon’* and PhyloNet.”” PhyloCon identi-
fied two significantly over-represented sequence motifs:
“AGAAGC” (Motif A) and “CUACUAAC” (Motif B)
(Fig. 2A). Motif B is essentially identical to the previ-
ously identified sequence motif, the SBE that is essential
for GLD-1 binding to #7a-2 and cye-I mRNA,”>? and is
also important for Quaking (mouse ortholog of GLD-1)
binding to its targets.’
the prominent GBM identified previously, encompassing
the “strong GBMs” reported by Wright et al. (2011).27%
PhyloNet also identified Motif A and B as well as a third
motif: “GAACGA” (Motif C), which is less prevalent
than Motif A and B, yet potentially important for GLD-1
binding (Fig. 2A). More interestingly, both Motif A and
Motif C are novel motifs.

Next, we performed a Patser scan to determine the
location of these motifs within the 38 GBRs. We found
that 27 Motif As are present within 23 GBRs, 22 Motif
Bs are present within 22 GBRs, and eight Motif Cs are
present within seven GBRs. Among these, Motif A, B,
and C are exclusively present in 10 GBRs, seven GBRs,
and two GBRs, respectively. Moreover, Motif A and B,
Motif A and C, and Motif B and C are present collectively
in 10, one, and two GBRs, respectively. Lastly, two GBRs
harbor all three motifs, while three GBRs contain none
(Fig. 1B). These findings support our initial hypothesis
in that GLD-1 binding sites are likely not confined to a
universal motif, i.e., the GBM/SBE;***? instead, GLD-1
may recognize more than one distinct motif that may dic-
tate GLD-1 binding to different sets of mRNA targets.

Motifs B and C are important for GLD-1 binding to
a small number of targets

We examined the importance of the Motifs A, B, and
C for GLD-1 binding in vitro. To accomplish this, we
mutated the motifs within several GBRs at their four
most phylogenetically conserved nucleotides and assessed
GLD-1 binding to the mutated compared with wild-
type GBRs using the GLD-1/RNA pull-down assay. Any
reduction in binding to the mutated GBRs compared

Furthermore, it is very similar to

with its wild-type counterpart indicates that the motif is
important for GLD-1 binding in vitro.
We examined a total of 34 over-represented sequence

from 32 mRNA targets. GLD-1 bound to only 5" ends of 8, to
only 3" ends of 19, and to both the 5" and 3’ ends of five mRNA
targets (Table 2 and Fig. 1A and B). These findings indicate that
GLD-1 translational regulation can be mediated through the 5'
end or 3’ end.

Conserved sequence motifs in GLD-1 binding regions
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motifs within 28 GBRs: 18 Motif As in 13 GBRs; 10 Motif Bs in
10 GBRs; and six Motif Cs in five GBRs. Consistent with previ-
ous reports on motifs that are similar to Motif B, i.e. the SBE
and GBM, mutations of three independent Motif Bs significantly
reduced GLD-1 binding in three GBRs (Fig. 2B and Table 3).
Strikingly, a mutation in Motif C significantly reduced GLD-1
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binding in puf-5 5'end, whereas a mutation in a Motif B within the
same region did not (Table 3 and Fig. S1). Also, the puf-5 5'end
does not have other motifs in addition to Motif C and B, which
suggests that the Motif C is sufficient to promote strong GLD-1
binding to this region. These findings support the possibility that
some mRNAs recruit GLD-1 by a distinct mechanism. Lastly,
none of the 18 mutations of Motif A reduced GLD-1 binding,
suggesting that Motif A is not important even though it is most
significantly enriched in GBRs. It appears that Motif B, Motif
C, and possibly even Motif A, represent only part of a larger con-
text required for GLD-1 binding. Other factors or information,
i.e. sequences or structures, surrounding these motifs may dictate
their importance in GLD-1 binding. Furthermore, these find-
ings suggest that translational regulation via GLD-1 may require
other binding partners, i.e. proteins or RNAs, which may require
yet unknown and distinct mRNA binding specificity.

We also examined whether GLD-1 binds directly to these
sequence motifs. Since we use cytosol extract in our binding
studies, we cannot ignore the possibility that GLD-1 may com-
plex with other proteins or RNAs within the extract which alters
GLD-1 binding specificity. A previous study by Ryder et al.
(2003) showed that GLD-1 directly binds the 28 nucleotide-long
recognition element within the 3’ UTR of #2-2 mRNA? To
examine if this is consistent with other GLD-1 mRNA targets,
we performed electrophoresis mobility shift assays (EMSA)Y
using *P-labeled RNAs and recombinant GLD-1 to address
whether GLD-1 can directly bind to the Motif Bs in two GBRs,
rme-2 3'UTR and exo-3 5'end, in the absence of other RNAs
and/or proteins. We found that recombinant GLD-1 alone can
bind effectively to two wild-type GBRs while this binding was
reduced to the mutated GBRs (Fig. S2), suggesting that GLD-1
likely binds directly to Motif B in these regions in vitro.

Sequences surrounding Motif B are important for GLD-1
binding

Even though we were able to demonstrate that the Motif B
and C are important for GLD-1 binding in several GBRs, muta-
tions of Motif B and C in other GBRs did not affect GLD-1
binding. More specifically, we found that three independent
mutations of the Motif B affected GLD-1/mRNA interaction
while the seven others did not. Thus, we explored the possibil-
ity that the sequences surrounding Motif B may contribute to
GLD-1 binding in a context-dependent manner. We separated
the 10 GBRs containing the examined Motif Bs into two sets.
The first set contained the three GBRs where mutations of the
Mortif B reduced or eliminated GLD-1 binding, which indicates
that Motif Bs in these GBR are important for GLD-1 binding.
The second set contained the seven GBRs to which GLD-1
bound well even though the Motif Bs were mutated, indicating
that the Motif Bs do not have biochemical importance for this
interaction. Next, these two data sets were aligned so that Motif
B was centered within the alignment with additional 25 nucleo-
tides flanking both sides (Fig. 3A). We examined the sequences
flanking the Motif B to identify any conserved nucleotides in the
first data set but not in the second. Interestingly, while no other
sequences are highly conserved in the second data set, a UA site
just upstream of Motif B is highly conserved in the first data set.
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Table 3. Motif B and Motif C are important for GLD-1 binding in
several GBRs

Motif mutations’
GLD-1 binding region*
Motif A | Motif B | MotifC | Doubles
exo-3 (R0O9B3.1) 5'end’ N/S S S
cep-1F52B5.5 3'UTR* N/S
rme-2 (T11F8.3) 3'UTR® S
rme-2 (T11F8.3) 5’end S
pg-1(C07G21a) | s op | s N/S
3’end
sas-5 (F35B12.5) 5’end N/S (2) N/S
sas-5 (F35B12.5)3'end | N/S(2) N/S
Y45F10A.2.1 3'end N/S (2) N/S
cdk-5 (T27E9.3) 3’end N/S (2) N/S
sss-1(F32B6.5) 3’end N/S
dna-2 (F43G6.1) 3'end N/S N/S N/S
cyb-3 (TO6E6.2) 3'end N/S N/S N/S
puf-5 (F54C9.8) 5'endrl N/S S S
puf-5 (F54C9.8) 3'end N/S N/S N/S
fem-3 (CO1F6.4) 3'end N/S N/S N/S
rskn-1 (TO1H8.1) 3’end N/S N/S N/S
T01C3.23’end N/S N/S N/S
unc—59,(WO9C5.2) N/S N/S (2) N/S
5'end

*Gene names and regions of GLD-1 mRNA targets. Total 34 over-rep-
resented motifs were biochemically examined in 18 GBRs; *** Motif B
is important for GLD-1 binding in exo-3 5'end, rme-2 3'UTR, and rme-2
5’end; "Motif C is important for GLD-1 binding in puf-5 5'end; %(S) and (N/S)
denotes those Motifs that are significant or not significant for GLD-1 bind-
ing, respectively. Motifs are designated as “significant” if mutation causes
significant reduction in GLD-1 binding compared with the wild-type coun-
terpart, whereas motifs were designated as “not significant” if mutation
does not cause reduction in GLD-1 binding; 2(2) denotes that two of the
same motif exist and were examined independently within a single GBR.

Furthermore, sequences that immediately follow this conserved
UA site, although not fully conserved, represent a weakly con-
served Motif B as shown by the matrix in Figure 3B; this putative
site (UA C/U U/A C/A G/A) was renamed Half-motif B.

To examine whether the Half-motif B is an important com-
ponent for GLD-1/mRNA interactions, we mutated the highly
conserved UA site in the Half-motif B within two GBRs (ex0-3
5'end and rme-2 3'UTR) of the first data set and performed
the Biotin-RNA pull-down assays. Not surprisingly, these sig-
nificantly reduced GLD-1 binding to exo-3 5'end and rme-2
3'UTR, a reduction in binding that is comparable to that
observed for mutations in Motif B alone (Fig. 3C). In addition,
when both the Motif Bs and Half-motif Bs were mutated in
these regions, GLD-1 binding was further reduced to undetect-
able levels (Fig. 3C; data not shown but both exo-3 5'end and
rme-2 3'UTR show essentially identical results). These results
suggest that the Motif B alone does not confer specificity to
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A 1% set MotifB

exo-3 5'end GCUCCGUUCAAGGGCCUACUCGACUACUAACCUGUUGCUGAAAAUGUCGAAGCG
rme-2 3'UTR UUGUUGUGAAUUCUACUACAAAAUUACUAAAUCAGAUGUCUGUAAAGUAUAUCU
rme-2 5'end GGUUGCUCCCACUUUUUAUUCACAUACUAAUCAAGGUAAUUUCCCCGUUUUUCY

2nd Set
cpg-1 3'end GAAAGAAGUAAUCUAUCAAAUGCCUACUCAUCCCAGUGCCAUACACCCAAUGCA
dna-2 3'end GAGACGAUUCCAGUGCUUUUUAGAUUCUCACAAUUAAUUGAAAAUCAUAUUUCU
cyb-3 3’end ACUCACAUCCGUUCGCCAGAAGUAUUCUCAUGAAGUAUUCUUCCAUGUCGCCUC
puf-5 5'end CGAUCAGCGAUCACCAAACUGCCGAUCUCAGCAUUUUCAACGGAUCCUUCGAUG
pur-5 3'end UGCCAUACUGGGCUAUGCCAACUCCACUCAUGGACAUCAGUGCCCAUUUCAUGA
fem-3 3’end AUUUCGCCGUUUGARAUCUCUCGCUACUCACCUCUAGAUGUAUCUGGUUAUUAU
cep-1 3'UTR CAAAGCACCGCAUUUCUCACUAGAUACUCAAACUGACAUUUGUUCCUUUUUAUA

B = . :
Half-motif B Motif B
2
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Figure 3. The identification of the Half-motif B and its importance in GLD-1 binding. (A) The possibility that sequences surrounding Motif B may con-
tribute in a context-dependent manner to GLD-1 binding was examined. Two sets of sequences were compiled. The first set contains three GBRs where
mutations of the Motif B reduced or eliminated GLD-1 binding, indicating that the Motif Bs in these GBR are important for GLD-1 binding. The second
set contains the seven GBRs where GLD-1 still binds well even though the Motif Bs are mutated, indicating that the Motif Bs in these regions have no
biochemical importance. Next, these two data sets were aligned so that Motif B was centered within the alignment with additional ~25 nucleotides
flanking either side of the Motif Bs. (B) With the hypothesis that adjacent sequences important for GLD-1 recognition should be conserved, two inde-
pendent sequence alignments were performed to see if any nucleotides were conserved in the first but not in the second set. Sequence alignment
matrixes of the two sets are shown. Motif B is highly conserved in both data sets. Also, a Uridine-Adenine (UA) site just upstream of Motif B is highly
conserved in the sequence alignment of the first set, which is not detected in the sequence alignment of the second set. Sequences that immediately
follow the conserved UA site in the first set represent a weakly conserved Motif B, (UA C/U U/A C/A G/A) and is therefore designated as a Half-motif B. (C)
The importance of Half-motif B for GLD-1/RNA interaction was examined. A western blot of the GLD-1/ Biotin-RNA pull-down assay with the wild-type
R0O9B3.1 5’end and corresponding mutations is shown. The first lane shows GLD-1 in cytosolic extract. Lanes 2 through 9 represent binding reactions
with wild-type and mutated R09B3.1 5’end biotin-labeled RNAs (400 ng) with increasing amount of cytosolic extract (50 and 150 ug). The conserved
“UA" dinucleotide of the Half-motif B was mutated to “AU” and the Motif B (“"UACUAA") was mutated “UAGAUU" within R09B3.1 5’end (see Fig. 3B). The
mutation of the Half-motif B reduces GLD-1 binding as significantly as the mutation of the Motif B compared with the wild-type. A double mutation of
both motifs appears to reduce GLD-1 binding further, where the residual GLD-1 bands are no longer detected. Boxes are each lane are proportional to
the amount of extract used.

GLD-1 binding in exo-3 5'end and rme-2 3'UTR. Rather, Not all the Half-motif B and Motif B combinations are
GLD-1 binding may be context dependent, requiring nearby important in GLD-1 binding

sequences, i.e., the Half-motif B, as an accessory feature for The Half-motif B/Motif B appears to be an important fea-
efficient GLD-1/RNA interactions. ture required for GLD-1 binding in three GBRs. To extend our
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Figure 4. GLD-1 binding to the Motif B within R09B3.1 5'end
is dependent on the RNA secondary structure. (A) The
most dominant structures of exo-3 5’'end of the wild-type,
structural mutant, and compensatory mutant are shown as
predicted by MFold. The Motif Bs within each structure are
outlined in red. The Motif B in the wild-type R09B3.1 5’end
predicted to be completely unstructured, likely rendering
the Motif B highly accessible for GLD-1 binding. A structural
mutation forces the Motif B to become structured while
maintain the wild-type Motif B sequence. A compensatory
mutation places the Motif B back into unstructured confor-
mation, likely bringing back Motif B's accessibility to GLD-1
(right). (B) Western blot analysis of biotin/RNA pull-down A
assays of wild-type R09B3.1 5’end and corresponding muta-
tions. Binding reactions were performed as identical to the
previous assays. GLD-1 was probed in the cytosolic extract
in the first lane, and no RNA was subjected as a negative
control in the second lane. GLD-1 binding is significantly
reduced when the Motif B and/or Half-motif B are mutated
within R09B3.1 5’end as shown previously. GLD-1 binding A
is also significantly reduced with the structural mutation
of the R0O9B3.1 5’end, whereas the GLD-1 binding is res-
cued with the compensatory mutation, comparable to the
wild-type.

understanding of the interactions between GLD-1 and
the Halfmotif B/Motif B, we searched other GBRs
in order to find additional neighboring Motif Bs and
Halfmotif Bs. For this search, we used a stringent
Motif B UACU(C/A)A since only these stringent
sequences are previously shown to be important in
GLD-1 binding biochemically’*** and the UA dinu-
cleotide since it appears to be the most conserved and
significant portion of the Half-motif B. To note, we
omitted the importance of phylogenetic conservation of
these motifs in this search. We found that 27 out of 38
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GBRs contain a stringent Motif. Among the 27 GBRs,
22 contain one or more UA dinucleotide(s) within 11
nucleotides of the stringent Motif B (Table S3). To
verify the importance of the stringent Motif B and its
nearby Half-motif B for GLD-1 binding, we mutated
these motifs within additional GBRs and assessed
GLD-1 binding in vitro. We had examined the strin-
gent Motif B and the Half-motif B in five GBRs, where
two out of the five (ex0-3 5'end and 7me-2 3'UTR) were
shown to be important for GLD-1 binding (Fig. 3 and
data not shown). We extended our analysis by examin-
ing four other GBRs: rskn-1 3" end, dna-2 3'end, nasp-2

Extract D|:|I]|:|D O

OLD-m Sl . s **

Lanes 1 2 3 4 5 6 7 8% 91112

5'end, and fem-3 3'end (Table S3), all of which contain
the stringent Motif Bs and the UA dinucleotides within
10 nucleotides of each other (Table S3). However, mutagenesis
and in vitro binding experiments revealed no importance of these
motifs for GLD-1 binding; neither the single nor double mutations
resulted in a reduction in GLD-1 binding compared with the wild-
type (data not shown). These experiments suggest that the mere
presence of the Half-motif B and/or the stringent Motif B is not
sufficient for GLD-1 recognition.

In the studies by Galarneau and Richard (2005 and 2009) and
Ryder et al. (2004),°>°¢ it was suggested that Quaking and GLD-1
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recognize a shorter “half-site,” in addition to their core RNA bind-
ing motif. However, the Wright et al. study (2011)*° did not find
any evidence for this. This may be due to the fact that many of
the RNAs in which the “half-site” was reported contain multiple
GBMs, suggesting that at least in some cases, the “halfsite” is part
of a degenerate full-length binding motif. Moreover, most Motif Bs
were not functional within the majority of the targets examined in
this study. This suggests (1) that there may be other GLD-1 bind-
ing determinants or (2) the GBRs examined may contain GBMs
elsewhere that were not tested for their importance in GLD-1
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Table 4. The secondary structures surrounding the Half-motif B and Motif B may dictate binding-
site accessibility for GLD-1

GBR*

Sequencet

rme-25'end

CCAUGAGAAC CAUGCGCCUU GCUUGGUUGC UCCCACUUUU UAUUCACAUA
CUAAUCAAGA ACACAGCUCA AGCUCCGGCU GUCAACAAAC UCGACAUGCG

rme-2 3'UTR

GAGAACCAUGC GCCUUGCUUG GUUGCUCCCA CUUUUUAUUC ACAAUUCUAC
UACAAAAUUA CUAAAUCAGA UGUCUGUAAA GUAUAUCUAU UUUUGCCUA

exo-35'end

CUGCUCCGUU CAAGAGCCUA CUCGACUACU AACCUGUUGC UGAAAAUGUC
GAAGCGAAAA GCAGAAGAAG CACCAGCACC AAAGCUCGCC UCGAUCUUCA

fem-3 3’end

UCAAUUUCCC GUCUACAGUU ACAAAUUUCG CCGUUUGAAA UCUCUCGCUA
CUCACCUCUA GAUGUAUCUG GUUAUUAUGA AACAAUUAAA AGAAAAAAAG

dna-23'end

CAGUGCUUUU UAGAUUCUCA CAAUUAAUUG AAAAUCAUAU UUCUAUUCCU
ACUCAACUGU AAAAUUCCCG CCUUUUUUAC UCAUUUAUUA GAUUUCUCAC

nasp-25'end

ACUACGUAAC UUCAUAAUGA GCGCUUUUGC UGAUUCUACU AACAUUAUCG
CUCAUGAUAA GGAAACGAUC GCGAAGAAUG UCGACUCAAC GGCGAAGAGA

rskn-13'end

GAUUCAUUUU UACGCACGGA UUUUACUUUU UUCUUUUUUA AAUACUACUA
ACAUUUAUCC AAUUGUUUCA ACAAAUGCUC CUCAUUGAAG CCCAAUCACC

cpg-13'end

GUUCAGUACU ACUGAAAGAA GUAAUCUAUC AAAUGCCUAC UCAUCCCAGU
GCCAUACACC CAAUGCAUAU UACUUACCCA UAUCACAACU AACCUGUAAU

cep-13'UTR

AAUAUUCAUC CUUUUCAAAG CACCGCAUUU CUCACUAGAU ACUCAAACUG
ACAUUUGUUC CUUUUUAUAA UCGCAUUUUU UCGUAAUAAA GUUUGUUCGU

C09G9.6.13’end

ACAACUUCUC UACAUUUGUC AAAUUUUUAA ACACUUUCAA UAUUCGUGUC
CCCCAUACUA ACUAAUAAUG CGUGCAUUUG UGAAUAUAAU AAGUUUUAUG

C09G9.6.1 5’end

UCAAACUAAU CCGAAUGCCC AGAUUGGAGA UUUGGUUACU CAAACUGCUA
ACUUGAUUGC UAUCAAAAAG CAGUUGCUUG AAGAUAUUGC AUUCAACCAA

T01C3.23'end

AGAAGCUCUA CGAUCAAGUU CUCGAAUUCG UCACAACUAC UAACAAGAAA
UGAUUCGCUU UUACGAGGAA AGAAAUCAAC UGUGAUCUCA UUAUAUUUUG

Three most stable structures®

C:rl;gDrl;I:ri S;i‘:rtwcsjt:tzlsle Third stable % Accessibility"
rme-25'end :::; gz; I g gz; Half (5S) | B (SS) 100
me23uTR | [EEEY || Do | Half(ss)B(ss) 50 Aecessibiity of func:
exo-35'end :Z:; g:; I E g:; Half (SS) | B (DS) 83
fem-3 3'end :::: Egg; I z EBS; N/A 0
dna-23'end :Z'I';((BSS)) || BB(g;) Half (55) | B (DS) 33
nasp-2 5'end ﬂ::; Ests))|| BB ((33 Half (DS) | B (DS) 67
rskn-13'end |:|:|Iff((éss)) || ';(é?) Half (55) | B (59) 83
¢pg-13'end l;((?;) B (DS) 33 ﬁé:\e;j Inbclltlizln(;
Motifs: 31%?
cep-13'UTR S Egg B (DS) 0
€09G9.6.1 3'end i(é’ss)) B (DS) 33
C09G9.6.1 5'end® BN(E’:) N/A 0
T01C3.23'end s ((g?) B (DS) 33
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*GLD-1 binding regions containing the Motif Bs
and/or Half-motif Bs that were examined bio-
chemically, where exo-3 5'end, rme-2 3" UTR, and
rme-2 5'end (top 3) harbor motifs that are impor-
tant for GLD-1 binding; *Sequences subjected to
secondary structure predictions by MFold. The
UA sites of the Half-motif B and the Motif Bs are
in bold; *GLD-1 binding regions assessed for their
target site accessibility. The motifs within were
considered accessible for GLD-1 binding if they
are in single-stranded conformation, whereas the
motifs were considered inaccessible if they are
in double-stranded conformation of the second-
ary structures; SThe three most thermodynami-
cally stable secondary structures for each GBR
were evaluated for their binding-site accessibil-
ity. “Half” and “B” represents the Half-motif B and
Motif B, respectively. (SS) and (DS) denote whether
the motifs are within single-stranded or double-
stranded regions, respectively; "The percentage
of motifs that are single-stranded from the top
three stable structures of a given GBR; '78% of the
biochemically functional GLD-1 binding motifs
(Motif Bs and/or the Half-motif Bs) were predicted
to be single-stranded; 231% of the biochemically
non-functional GLD-1 binding motifs (Motif Bs
and/or the Half-motif Bs) were predicted to be
single-stranded; bMFold predicted only 2 and
1 stable structures from the CO1F6.4 3’end and
C09G9.6.1 5'end GBRs, respectively, and therefore
the second and/or third stable structures of these
GBRs were denoted as N/A (not applicable).

binding. These possibilities could explain
the residual GLD-1 binding when the
Motif B or the Half-motif B was mutated
in many of the GBRs. To address this, we
scanned the 38 GLD-1 binding regions to
see if they contained any of the 38 possible
GBMs reported by Wright et al. (2011).%°
We found that six out of 38 GLD-1 bind-
ing regions (sss-/ S'end, sss-1 3'end, nasp-2
S‘end, ufd-1 3'end, sas-5 S‘end, and cdk-5
3'end) do not contain any of the 38 possible
GBM:s. Although these mRNAs were iden-
tified by Wright et al., they were not suffi-
ciently enriched in their GLD-1 IPs (> 6.5)
and, therefore, were not included in their
computational analysis. In addition, three
GBRs contain one GBR that were catego-
rized to have weak predicted GLD-1 bind-
ing scores (rmd-1 3'end, Y75B12B.1 S'end,
and puf-5 3'end).*® This indicates that, for
at least six GBRs identified in this study,
other GLD-1 binding determinants exist.

Target site accessibility within GBRs
may provide specificity for GLD-1
binding

Thus far, we examined the importance
of the Motif B and/or the Half-motif B for
GLD-1 binding in a total of 12 GBRs. We
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found only three were important: in exo-3 5'%end, rme-2 3'UTR,
and rme-2 5" end. Since significant sequence difference does not
exist between biochemically important and unimportant motifs,
we hypothesized that the difference may be the accessibility of
these motifs dictated by RNA secondary structures. More spe-
cifically, if the sequence motifs reside in single-stranded regions
of the RNA, this should provide accessibility for GLD-1 binding.
This hypothesis is supported in that (1) KH-domain RBPs are
generally known to bind ssRNA and (2) a similar phenomenon
has been reported both in vitro and in vivo for GLD-1 and the
Drosophila homolog How in previous studies.’**® Nevertheless,
we sought to extend the study of the target RNA secondary
structure in GLD-1 binding by utilizing the GBRs in which the
Mortif B and the Half-motif B were examined biochemically. We
considered a maximum of three most stable structures as pre-
dicted by MFold® for each GBR since a few have only one or two
dominantly stable and others have three most stable structures
(Fig. 4A, wild-type).

When we located the Motif B and the Half-motif B in each
predicted secondary structure, we found that the majority of
biochemically important sites (78%) were predicted to be in
single-stranded regions, as opposed to only 31% that were con-
firmed to be not important motifs (Table 4). This significant
difference between the two groups suggests a correlation between
GLD-I’s ability to recognize a motif and the accessibility of the
motif within the secondary structure. To experimentally test if
secondary structure can interfere with binding, we introduced
mutations to exo-3 5'end to alter predicted structures and assayed
GLD-1 binding. Within the three most stable structures of exo-3
5'end predicted by MFold, three Motif Bs, and two Half-motif
Bs were single stranded, whereas only one Halfmotif B was
structured. It suggests that Motif B/Half-motif B is accessible for
GLD-1 binding (Table 4).

We mutated six nucleotides downstream to the Motif B to be
completely complementary to the Motif B. This forced Motif B
to become structured in the MFold prediction (Fig. 4A, struc-
tural mutation). Then, we examined whether this structural
mutation reduced GLD-1 binding to the exo-3 5'end compared
with its wild-type counterpart (Fig. 4B). Strikingly, the struc-
tural mutation significantly reduced GLD-1 binding compared
with the wild-type, reducing GLD-1 binding at least as much as
the single mutation of the Motif B or the Half-motif B (Fig. 4B).
These results suggest that GLD-1 binding to exo-3 5'end RNA is
largely dependent upon the Motif B/Half-motif B being acces-
sible in the single-stranded region.

To further demonstrate the importance of the accessibility of
Motif B/Half-motif B, we introduced another mutation to re-
establish these sites in a single-stranded region. A mutation that
introduced complementarity to the structural mutation was pre-
dicted by Mfold to restore single-strandedness of the Motif B
(Fig. 4A, compensatory mutation) by making a double-stranded
stem structure between the structural and compensatory muta-
tions. As shown in Figure 4B, the compensatory mutation restored
GLD-1 binding to a similar level as to the wild-type RNA.

We explored the possibility that the biochemically unimport-
ant Motif Bs and Cs (Table 3) may be inaccessible for GLD-1
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binding due to their secondary structures. We found that among
the top three most thermodynamically stable structures pre-
dicted by Mfold, 91% of the non-functional motifs were at least
partly structured, suggesting a role of secondary structure in
inhibiting GLD-1 binding. Next, we ask if the Half-motif B (UA
mutation) affects the secondary structure of the Motif B and if
this could explain the effect on binding to rme-2 3'UTR, rme-2
5'end, and exo0-3 5'end. However, mutations to the UA of Half-
motif B within these regions have no apparent effect on Motif B
accessibility, indicating that the functionality of the Half-motif
in rme-2 3'UTR, rme-2 5'end, and exo-3 5'end is independent
of RNA structure. Taken together, these data and observations
strengthen previous knowledge that the presence of GLD-1 bind-
ing sites (i.e., the Half-motif B and Motif B) must reside in sin-
gle-stranded RNA for GLD-1 to recognize and bind efficiently.

It would be interesting to examine whether predicted struc-
tures of GBRs with non-binding Motif Bs are what prevent those
motifs from binding, because we cannot rule out that other possi-
bilities are plausible for the non-binding motifs. First, the spacing
of specific key nucleotides within the motif(s) may not be opti-
mal for GLD-1 contact. Second, specific nucleotides may poison
GLD-1 contact nucleotides. Third, a variety of unusual folds,
kinks, and twists can be present within or surrounding Motif B,
which likely inhibit GLD-1 from recognizing Motif B. Lastly,
GLD-1 binding may require a local, non-canonical fold or geom-
etry, which could be prevented by specific nucleotides within or
neighboring the motif.

The requirement of the Motif B for GLD-1-dependent regu-
lation in vivo

To examine the functional importance of the Motif B and
the Half-motif B, we determined their ability to achieve GLD-
1-dependent translational repression in vivo. We hypothesized
that a mutation in the Motif B and/or the Half-motif B that dis-
rupted GLD-1 binding in vitro would relieve GLD-1-mediated
translational repression in vivo. To address this, we performed
transgenic assays in which the wild-type and variously mutated
rme-2 3'UTRs were independently cloned downstream of green
fluorescent protein (GFP) fused to Histone H2B and used
the pie-I promoter to drive expression in all germ cell types.
Transgenic constructs were then randomly integrated in the
genome by a biolistic transformation procedure as described,”
and at least two independent lines were analyzed per construct.
A similar transgenic assay was conducted by Wright et al.
(2011),%° but on several more GLD-1 targets, including rme-2
3'"UTR. We recapitulated their results in that the Motif B (same
as the GBM within rme-2 3'UTR) was required for GLD-1-
mediated translation repression in vivo (Fig. S3A). Moreover,
we saw that in the fusion construct containing mutations in
both Motif B and Half-motif B in otherwise the same trans-
genic mRNA, GFP:H2B expression expanded into the distal
meiotic regions where GLD-1 is abundant (Fig. S3C and D). To
further examine whether these transgenic transcripts are regu-
lated by GLD-1, we depleted GLD-1 by RNA-mediated inter-
ference. Depletion of GLD-1 protein caused severe germline
tumor as expected, and GFP::H2B expression was ubiquitous
and at comparable levels throughout the germline (Fig. S3B).
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Taken together, we confirmed that GLD-1 represses translation
through the Motif B and Half-motif B in rme-2 3'UTR.

Discussion

Protein-RNA recognition plays an important role in regulating
cell function, including the assembly and function of ribonucleo-
protein particles (RNPs) and the post-transcriptional regulation
of gene expression. However, many studies have focused primar-
ily on how an RBP interacts with a single or limited number
of RNA targets, despite the growing evidence that most RBPs
have many targets.'»*3*33¢ Here, we used our knowledge that
GLD-1 regulates numerous targets to explore GLD-1’s binding
specificity. Any comprehensive understanding of how an RNA
binding protein recognizes and regulates its RNA targets requires
the identification of most RNA targets, and our identification of
over 100 such targets has provided an entrée for this investiga-
tion (Table S1). Our analysis of these putative targets suggests
that they are functionally inter-related to act during germline
development.®*!

In this study, we identified 38 GBRs from 32 GLD-I tar-
gets identified in our GLD-1 RIP-chip analysis (Fig. 1). We
were able to detect three over-represented sequence motifs and
demonstrated that Motif B and C are important in GLD-1
binding to several GBRs. More importantly, not only is Motif
C a novel motif that promotes GLD-1 binding, further analysis
showed that at least six GBRs do not contain the prominent SBE
or GBM previously reported to be necessary and sufficient for
GLD-1 binding. Our data clearly suggest that other factors dic-
tate GLD-1 and mRNA associations and that some mRNAs can
recruit GLD-1 by distinct mechanisms.

Complexity of GLD-1 recognition of mRNA targets

Our data indicate strong plasticity in the sequence require-
ments for GLD-1 binding: three out of 10 Motif Bs examined
were important for GLD-1 binding. Similarly, one out of six
Motif Cs examined was important for GLD-1 binding. What
accounted for such variability? First, we found that three GLD-1
binding sites carry an important accessory sequence feature, a
Half-motif B upstream to the Motif B, indicating that context
dependency exists. Yet, the presence of the Half-motif B/Motif
B alone was not sufficient for GLD-1 binding in other GBRs.
For example, mutations in the Half-motif B and/or Motif B did
not reduce GLD-1 binding to rskn-1 3" end, dna-2 3'end, nasp-2
5'end, and fem-3 3'end (Table S3).

What makes the Half-motif Bs and Motif Bs within rme-2
3'UTR, rme-2 5'end, and exo-3 5'end important in GLD-1 bind-
ing while the same motifs in other GBRs are not? It has been
shown that intrinsic mnRNA secondary structure that forms prior
to trans-factor binding can constrain subsequent binding events
at all levels of post-transcriptional regulation.””** Moreover, it
was also demonstrated that target-site accessibility has a signifi-
cant impact on mRNA target selection with the previously deter-
mined sequence-binding preferences.” In light of these findings,
RNA secondary structures may limit GLD-1-RNA interactions
if the sequence motifs are embedded in double-stranded regions.
Consistent with this hypothesis, we have shown that 78% of the
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biochemically confirmed important GLD-1 binding sites (the
Half-motif Bs and/or Motif Bs) are predicted to be in single-
stranded regions, whereas only 31% of the motifs that were con-
firmed to be not important GLD-1 binding sites are predicted
to be within single-stranded regions (Table 4). More impor-
tantly, we were able to show experimentally that the binding site
accessibility influences GLD-1 binding to the Motif B within
exo-3 5'end (Fig. 4). GLD-1 binding assays with structural and
compensatory mutations confirmed that at least one core bind-
ing site (the Motif B) was required to be within single-stranded
or unstructured regions to allow efficient GLD-1 binding. This
outcome explains why some Motif Bs and Half-motif Bs are not
functional in GLD-1 binding.

How does GLD-1 select its targets?

Our data show that GLD-1 recognizes its targets using at least
two different sequence motifs, Motif B and C. Motif B is essen-
tially the same motif as previously identified in various stud-
ies as a GLD-1 or Quaking binding motif, suggesting it is an
important sequence determinant employed by GLD-1 to select
its targets.”***2°¢ However, it cannot be a sole sequence determi-
nant since several GBRs identified in this study do not contain
the Motif B. This finding indicates that GLD-1 recognizes these
GBRs using other sequences. In addition, even though the Motif
B is present in the majority of GBRs, we showed that the same
Mortif B is important in GLD-1 binding in several but not in all
GBRs. Thus, in GBRs where the Motif B was not important in
GLD-1 binding, the Motif B is either a minor determinant of
GLD-1 binding or other equally important motif{(s) are present.

Our analysis of two sets of GBRs, one where Motif B is impor-
tant for GLD-1 binding and one where it is not, showed that
the ability of GLD-1 to utilize the sequence motif depends on
two features. First, the Half-motif B with a strong UA require-
ment acts as an accessory feature for GLD-1 to efficiently select
the Motif B. Second, the sequence motif resides in the single-
stranded region, which provides accessibility for GLD-1 to effec-
tively recognize the motif. Taken together, GLD-1 selects its
targets that contain the sequence motif embedded in the correct
context and structural environment.

GLD-1 targets and the GLD binding motif identified from
previous studies

Several studies have identified numerous GLD-1 targets and
provided extensive analyses of RNA determinant(s) that mediate
GLD-1 binding.?”*** Jungkamp et al. utilized the iPAR-CLIP
(in vivo PAR-CLIP) strategy to identify transcriptome-wide
binding sites and ~440 targets of GLD-1. Wright et al. also
identified GLD-1 targets using the RIP-chip strategy similar to
the one presented here; however, they report 948 mRNA were
3-fold enriched in their RIP-chip analysis as opposed to 49 in
this study. This disparity may have resulted from (1) the differ-
ence in the way the IPs were performed and/or (2) the utilization
of different microarray chips. Furthermore, both the Jumpkamp
and Wright studies relied on a computational program, MEME
motif finder,® to identify a GLD-1 binding site similar to the
one initially published by Ryder et al. (2004). An advantage of
our study was that we combined biochemically proven data sets
(38 GBRs) with two computational programs (PhyloCon and
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PhyloNet) to identify GLD-1 binding sites. In doing so, we iden-
tified a similar site to the GLD-1 binding motif (GBM) found by
previous groups, but we also found a novel site (Motif C) that was
important for GLD-1 to bind puf-5 5'end in vitro. Additionally,
while previous studies demonstrated that the GBM is a degener-
ate motif of ~38 possibilities that is necessary and sufficient for
GLD-1 binding, careful analysis of our 38 biochemically proven
GBRs revealed that 6 regions do not contain a GBM, and 3 more
contain only one GBM that was categorized to be a weak GLD-1
binder.?”** Taking our findings together, it is evident that the
GBM is not the sole GLD-1 binding determinant.

The difficulty of obtaining a comprehensive understanding
of target selection could be explained by a recent finding that
GLD-1 associates with other RNA binding proteins such as
CGH-1 and CAR-1.” While for some GBRs, the binding motifs
of GLD-1 (e.g., Motif B/GBM or C) could be a major determi-
nant of binding to GLD-1 associated with other RNA binding
proteins, in other GBRs, binding motifs of other RNA binding
proteins could be the major binding determinant. It will require
further studies to understand how target selection occurs when
two or more RNA binding proteins directly associate with each
other.

Finally, our current study adds to our understanding of
GLD-1 binding sites by (1) definitively demonstrating the exis-
tence and importance of the Half motif B site, (2) demonstrating
the existence and importance of the novel Motif C site, (3) dem-
onstrating that secondary structure inhibits GLD-1 binding to
otherwise active sites, thereby explaining at least in part the fail-
ure of some appropriate sequences to bind GLD-1, and (4) prov-
ing that not all apparent Motif B/Half motif B sites and Motif
C sites present in single-stranded regions are active in vitro and
in vivo, indicating that our understanding of the specificity of
GLD-1 binding is still incomplete. We believe that this complex-
ity of GLD-1 interaction with RNA is not unique but rather may
well represent the complexity of protein—-RNA interactions is
general. This complexity is required for RNA protein complexes
to regulate many genes in many cases in slightly different ways.

Materials and Methods

Nematode culture and strains

Standard procedures for nematode culture and genetic manip-
ulation were followed with growth at 20 °C. The strains used
in this study were: (1) wild-type N2, (2) gld-1(q485), (3) gld-
1(q485); ozls2/[gld-1::gfp::flag], and (4) unc-119 (ed3). unc-119
(ed3) was obtained from Caenorhabditis Genetics Center (CGC).

Preparation of cytosolic extracts, immmunoprecipitation,
linear RNA amplification, and microarray and GO analysis

Cytosol extracts of the rescued gld-1(q485); ozls2/gld-
1::gfp::flag] strain was prepared and subjected to immupre-
cipitation (IP) with anti-FLAG Ab and mouse IgG as described
previously.! RNAs that were co-immunoprecipitated were
extracted with Trizol (Invitrogen) and RNA was prepared fol-
lowing the manufacturer’s protocol. Then two rounds linear
RNA amplification was performed using 200 ng RNA from
two IPs employing the ExpressArt mRNA Amplification kit
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(Artus-Biotech). Microarray analysis was performed as described
(Reinke et al., 2004) to measure enrichment of FLAG com-
pared IgG IPed RNAs. Microarrays representing 17744 genes
were probed with four independent sets of FLAG and IgG IPed
RNA. The 129 significantly enriched genes were annotated with
gene symbols and Entrez IDs (hetp://ncbi.nlm.nih.gov). A total
of 17319 Entrez-based genes were matched into 2692 functional
gene sets labeled by GO identifier (http://geneontology.org/).
For convenience, “Celegans.na26.annot.csv” were downloaded
from Affymetrix (http://www.affymetrix.com/) and were refer-
enced for annotation and matching. The significance of enrich-
ment was calculated by hypergeometric distribution using PERL
script.

Cloning 5" and 3’ ends of GLD-1 mRNA targets

The first strand cDNA of adult wild-type hermaphrodites®®
was used as templates for PCR. The 5 end of each target gene
was PCR amplified using Splice Leader 1 (SL1) or SL2 primers
and the target gene-specific primers, complementary to a region
~150 nucleotide (nt) downstream of the predicted start codon.
The 3’ end of each target gene was PCR amplified using a tar-
get gene-specific primer ~150 nt upstream of the predicted stop
codon and a primer that complements the 3" end of the oligo-
dT-linker primer used in the first strand cDNA synthesis. PCR
products were gel-purified, cloned into a TOPO vector (pCRII-
TOPO, Invitrogen) and sequenced to confirm the orientation
and nucleotide sequences.

Biotin-RNA pull-down assays

All template DNAs for the biotin RNA synthesis were ampli-
fied by PCR using reverse or M13 primer and downstream
primers. Biotin-RNA synthesis was performed as described.'>*
~400 ng of biotin-labeled RNA was incubated with cytosol
extracts in IP buffer (5 mM Hepes (pH7.6), 1 mM MgCI2,
75 mMKCI, 1 mM DTT, 1% glycerol, 600 ug/mL tRNA,
6 mg/mL heparin, 10 units of RNase Inhibitor) in a final vol-
ume of 50 uL for 20 min at room temperature (RT). 100 uL of
Streptavidin-magnetic beads (Promega) was first washed in IP
buffer with 20 ug/mL tRNA, and then resuspended in 15 uL
of the IP buffer containing 20 ug/mL tRNA. The resuspended
beads were added to each binding reaction and incubated for
20 min at room temperature (RT). The magnetic beads were
then isolated, washed three times in IP buffer with 20 ug/mL
tRNA. All binding reactions were mixed with SDS sample buf-
fer at least 1:2 proportions and heated to a 95 °C for 2—4 min.
Samples were loaded on to a 10% SDS-PAGE containing 30%
Acrylamide/Bis (29:1) and ran at 150 V for ~-1.5 h. Gels were
transferred onto Immobilon-P transfer membrane at 12 V for
1 h and blocked in blocking solution for at least 30 min. After
blocking, the membrane was incubated with primary antibody
(GLD-1 antibody) at 4 °C overnight. Incubation with second-
ary antibody (HRP anti-Mouse IgG antibody) was performed in
room temperature for 2.5 h. Protein was detected using Luminol
substrate mixture (ImL).

Specificity of GLD-1 association with GBRs were assessed
by determining the detectability of GLD-1 western blot analysis
as compared with the negative control in which no RNA was
subjected to the binding reaction. Generally, negative controls
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where RNA is omitted in the binding reaction have undetect-
able levels of GLD-1 in the western blot analysis; thus, RNAs
that exhibit detectable GLD-1 in western blots were considered
GLD-1 binders.

Computational analyses to identify over-represented motifs

The sequences of 38 confirmed GBRs and their correspond-
ing orthologous regions from C. briggsae, C. remanei, C. japonica,
and C. brenneri were subjected to PhyloCon and PhyloNet to
search for the over-represented and phylogenetically conserved
sequence motifs.”*> With the over-represented sequence motif
information identified through PhyloCon and/or PhyloNet, a
Patser scan was conducted to determine the presence and loca-
tion of the motifs within the 38 GBRs.

The PhyloCon program searches for consensus sequence
motifs that are embedded in co-regulated but otherwise uncon-
nected sequences in related species.’ A statistical limitation of
PhyloCon is that only the most significant or prevalent motifs
are detected, with weak signals lost mainly because they can-
not be distinguished from random patterns in complex data
sets. Therefore, the PhyloNet program was utilized to identify
motifs. PhyloNet and PhyloCon are similar in that they both
use phylogenetic data from related species; however, while the
PhyloCon’s algorithm considers co-regulation of genes within
species, PhyloNet’s algorithm does not. This allows PhyloNet to
identify (more) motifs based solely on their occurrence within
phylogenetically related data set. In principle, the sequences of
the GLD-1 binding regions subjected to the analysis are presum-
ably co-regulated by GLD-1.

As a control, we subjected 25 random germline-expressed but
not enriched in the GLD-1 IP to PhyloCon and PhyloNet analy-
ses and we did not identify any significantly enriched motifs.

Biolistic transformation

All transgenic constructs used in this study were generated
using the Multisite Gateway Cloning Technology (Invitrogen).
The Promoter Entry Clones (pCG142: pie-1 promoter) and
the GFP Entry Clones (pCM1.35: GFP::Histone H2B) were

kindly provided by Dr Geraldine Seydoux (Johns Hopkins
University). 3" Entry Clones were generated from PCR products
flanked by attR2 and attL3 sites and subjected to BP reaction
with a pDONR P2R-P3 Entry vector. Promoter Entry Clones,
GFP Entry Clones, and 3’ Entry Clones were subjected to an
Ligation Reaction (Invitrogen) with the Destination Vector
- pCGI150 to generate Expression clones.”” Biolistic transfor-
mations of the Expression clones into C. elegans unc-119(ed3)
hermaphrodites were performed using a BioRad Biolistic PDS-
1000/HE. For each bombardment, 7 pg plasmid DNA was
coupled to ~5 mg of 1.0 pm microcarrier gold beads, and bom-
barded onto a layer of 1-2 million unc-119(ed3) 14 and adult
hermaphrodites placed on a 70 mm diameter lawn of NA22 on
NEP plates. Worms were allowed to recover for 0.5 h after bom-
bardment and were then transferred onto 12 NA22 seeded NEP
plates and grown at 25 °C. From each plate containing animals
rescued for the unc-119 mutation, homozygous stable lines were
identified by the complete absence of unc-119 mutant progeny
over several generations. Homozygous lines were examined for
GFP expression under a compound microscope at 400X mag-
nification. Dissected gonads from all transgenic lines were pre-

pared as described.!-**
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