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Abstract

Me31B/DDX6 is a DEAD-box family RNA helicase playing roles in post-transcriptional RNA
regulation in different cell types and species. Despite the known motifs/domains of Me31B, the in
vivo functions of the motifs remain unclear. Here, we used the Drosophila germline as a model
and used CRISPR to mutate the key Me31B motifs/domains: helicase domain, N-terminal domain,
C-terminal domain, and FDF-binding motif. Then, we performed screening characterization on
the mutants and report the effects of the mutations on the Drosophila germline, on processes

such as fertility, oogenesis, embryo patterning, germline mRNA regulation, and Me31B protein
expression. The study indicates that the Me31B motifs contribute different functions to the protein
and are needed for proper germline development, providing insights into the /n vivo working
mechanism of the helicase.

Graphical Abstract

Me31B RNA helicase is essential for Drosophila germline development. This mutational

analysis targets six key motifs/domains of Me31B: three motifs involved in the helicase activity
(DVLARAK, DEAD-box, and HRIGR), N-terminal domain, C-terminal domain, and FDF-binding
motif. These motifs/domains are found to play important functions in embryo patterning,

fertility, oogenesis, germline mRNA localization and abundance, and Me31B protein stability

and subcellular localization.
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Introduction

Drosophila Me31B is an evolutionarily conserved, ATP-dependent RNA helicase that

is essential for Drosophila germline development and fertility [1-5]. The helicase has
orthologs like CGH-1 (worms) [6, 7], DjCBC-1 (planarians) [8, 9], Xp54 (frogs) [10, 11],
p54 (mouse) [12, 13], and DDX6/Rck (humans) [14-18] playing similar roles in diverse cell
types and animal species. In these animal cells, the main role of these helicases lies in their
post-transcriptional RNA regulations including RNA storage, transportation, translational
regulation, stabilization, and decay. This ensures the expression of the mRNAs at the correct
time and location, which eventually leads to proper germline functioning and development
[14, 19-23].

Drosophila germline has been often employed as a model to study the roles of
Me31B/DDX6 helicase. Importantly, Me31B is essential for Drosophila germline growth:
me31B loss-of-function mutation or strong knockdown (KD) causes severe egg chamber
development defects or early oogenesis arrest [1, 24]. In normal egg chambers,

Me31B proteins express and aggregate into ribonucleoprotein (RNP) complexes (granular,
membrane-less assemblies of proteins and RNAS). In these granules, Me31B complexes
with other partner proteins like Tral and Cup (two translational repressor proteins

that usually complex with Me31B in various types of germline RNPSs) to render
post-transcriptional controls on the RNAs within the granules [3, 25-29]. So far, our
understanding of Me31B’s role in the germline mostly came from the use of complete
loss-of-function me31B alleles, strains with a significant loss of Me31B protein expression,
or /n vitro biochemical analysis. To gain insights into Me31B’s molecular-level working
mechanism, this study investigates the /n vivo roles of key Me31B motifs and aims to
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understand how the motifs contribute to Me31B’s whole-protein functions in the context of
Drosophila germline development.

Me31B (459 AA) has been structurally identified as a DEAD-box-family RNA helicase
(reviews on DEAD-box helicases in [19, 30]). Like other helicases in the family, Me31B’s
helicase activity is enabled by the cooperative actions of its N-terminal (N-ter) RecA-like
domain (AA 1 - 267) and C-terminal (C-ter) RecA-like domain (AA 268 — 459) [19, 31—
33]. And, three well-conserved sequence motifs, DVLARAK motif (AA 97 — 103, within
the N-ter), DEAD motif (also known as the “DEAD” box, AA 207 — 210, within the N-ter),
and HRIGR (AA 381 — 385, within the C-ter) (see their location illustrations in Figure

1) are crucial for the helicase activity of the protein. Previous /n vitro studies showed

that mutations in any of the three motifs (DVLARAK—DVLAAAA, DEAD—DAAD, or
HRIGR—HRIGQ) strongly disrupt the helicase activity [34-36]. Therefore, our study uses
the above three substitution mutations individually to gauge the /n vivorole of Me31B’s
helicase activity. Besides the helicase activity, we analyze the /n vivoroles of the N-ter
RecA-like domain (independently), C-ter RecA-like domain (independently), and the FDF-
binding motif (CLNTL, AA 285 — 289) because they are key components and contributors to
Me31B’s whole-protein functions. The N-ter and C-ter domains, besides their involvement
in the helicase activity, participate in other functions including partner-protein interactions
and Me31B assembly into RNP granules [19, 34, 37]; The FDF-binding motif enables
Me31B to physically bind to the FDF motifs on translational repressor partners like Tral and
EDC3 [32, 33, 37, 38]. To mutate the above target motifs, we used the CRISPR technique
and created Drosophila strains with point mutations or deletion mutations in them (Figure
1). Analysis of the resulting me31B mutants revealed that the helicase activity, the N-ter
domain, the C-ter domain, and the FDF-binding motif are needed for proper Drosophila
germline development and fertility, yet they play different molecular-level roles in localizing
germline RNA, maintaining germline RNA level, stabilizing Me31B protein, localizing the
protein, and interacting with partner proteins.

Me31B helicase mutations lead to dominant female sterility.

To elucidate the /n vivoroles of Me31B’s helicase activity, we used CRISPR and generated
mutations individually in the three motifs (DEAD, DVLARAK, and HRIGR motifs) that

are crucial for Me31B’s helicase activities including ATP hydrolysis, RNA binding, and
RNA unwinding [11, 19, 33, 34, 36, 39, 40]. Specifically, the substitution mutations were:
E208A (DEAD—DAAD), R101A and K103A (DVLARAK —DVLAAAA), and R385Q
(HRIGR—HRIGQ), and these substitutions were made according to previous studies
showing that these mutations strongly disrupt the helicase activities of Me31B or structurally
similar DEAD-box helicases [34-36, 40-43]. For simplicity, the three motifs hereafter will
be referred to as helicase motifs. The resulting me31B8 alleles are named me31B5208A,
me31BPVLAAAA and me31BR3859, respectively (illustrated in Figure 1). After obtaining the
three mutant strains, we first noticed that all three alleles dominantly caused female sterility.
In detail, me31BE206A1+, me31BPVLAAAALL and me31BR3659)+ heterozygous females (in
the presence of wildtype w2€ males) do not produce any viable progeny. In contrast,
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me31BF208A|+ me31BPVLAAAALL and me31BR365C)+ heterozygous males can fertilize
wl118 females and produce viable progenies bearing the mutant me32B alleles. At the same
time, the me31BWT control allele (generated in this study by the same CRISPR procedure
without altering the me31B gene sequence) showed wildtype-like fertility. Therefore, we
conclude that the three helicase alleles cause dominant sterility in females and suggest that
Me31B’s helicase activity is integral for female fertility.

Me31B helicase mutations lead to maternal-effect embryo patterning and oogenesis

defects

To analyze what caused the sterility in the helicase mutants (/me31B852%6A)+,
me31BPVLAAAALL and me31BR385C)+), we screened the three strains for egg laying,
morphology, and development. The m,e31BYW7]+ control showed similar phenotypes in the
above areas as the w228 strain (Supplementary Table 1 and Figure 2). In contrast, although
egg laying was observed from all three helicase mutants, none (0%) of their eggs (n =

541 for me31BF20841+, n = 100 for me31BPVLAAAAI+ and n = 17 for me31BR3850)+)
were able to develop into larva or later stages (Supplementary Table 1; See the Materials
and Methods for the hatchability assay conditions). Interestingly, different portions of the
mutants’ un-hatchable embryos showed morphological defects: 78% of the me31BE208A|+
embryos, 33% of the me31BPVLAAAA+ embryos, and 100% of the me31B73859/+ embryos
had one or more types of patterning defects like fused dorsal appendages, very short, or

no dorsal appendages (Supplementary Table 1 and Figure 2A). Although the me31B5206A
and me31BPVLAAAA mytants were able to produce normal-appearance embryos, none of
them could develop into larvae or hatch. Among the three helicase mutants, me31B875659)+
showed the most severe phenotype: the flies laid few eggs, and all the embryos (100%) had
drastic morphological defects including the complete missing of dorsal appendages (Figure
2A).

The embryo patterning defects in the helicase mutants indicate that their oogenesis

could be abnormal, so we examined their ovarian tissues. Indeed, in me31BF2%A and
me31BPVLAAAA ovaries, we observed abnormal nurse cell dumping, a process in which
the nurse cells completely expel all their cytoplasm into late-stage eggs (reviewed in [44]).
In the me31BF206A mutant, 52% of the stage-14 eggs (n = 13) were still connected with
egg chamber tissues that contain nurse cell materials (Figure 2B), indicating incomplete
nurse cell dumping. This “dumpless” phenotype is more prominent in the me31BPVLAAAA
mutant: approximately 78% of the me31BPVLAAAA stage-14 egg chambers (n = 32) did
not complete dumping, and the “un-dumped” regions appeared larger than that in the
me31BF208A mutant (Figure 2C). The most severe oogenesis defects were observed in

the me31B7385Q mutant. Besides the dumpless phenotype (Supplementary Figure 2), this
mutant showed frequent egg chamber degenerations even at early-to-mid stages (Figure 2D),
consistent with this mutant’s few egg lay and sterility. These data indicate that Me31B
helicase activity is needed for proper oogenesis.

Me31B helicase mutations decrease Me31B protein levels from the alleles

To determine whether the helicase mutants’ sterility was associated with the levels of mutant
Me31B expression, we performed anti-GFP Western blots to quantify the proteins expressed
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from me31BE208A  me31BPVLAAAA me31BR385Q and me31BWT (control) alleles in
heterozygous flies (homozygotes cannot be obtained for the helicase alleles because of their
dominant sterility effect). The Me31BF208A.-GFP, Me31BPVLAAAA_GEP, and Me31BR385Q-
GFP protein levels were 68% (p > 0.05), 53% (p < 0.05), and 23% (p < 0.05) of the
Me31BWT-GFP control, respectively (Figure 3 and Supplementary Figure 1). With these
results, we conclude that Me31B helicase-motif mutations decrease the expression of the
proteins, though to different extents (Me31BE208A < Me31BPVLAAAA < \je31BR38Q
decreasing effects from mild to strong). However, we reason that the protein level decreases
cannot fully explain the mutant me31B alleles being dominant, especially when these mutant
proteins were expressed in a heterozygous background. Therefore, we suggest that it is
likely the altered Me31B protein functions rather than abundance that caused the dominant
sterility. This notion is also indirectly supported by another me31B mutant strain which
expresses a low amount of Me31B protein (40% of wildtype level) but remains fertile (see
the me31BN-%" strain results below).

Me31B helicase activity functions in nos localization by modulating osk and nos transcript

levels

Next, we probed further into the molecular underpinnings of the helicase mutants’ sterility.
Considering Me31B’s known role in post-transcriptional RNA regulations, we hypothesized
that mutations in Me31B helicase activity could affect the localization and/or stability of
important germline mRNAs such as nanos (nos). Normal nos localization occurs through
the Oskar-dependent formation of homotypic clusters within germ granules, aggregates that
contain multiple copies of nos transcripts [45, 46]. Transcripts of r70s begin to localize

to their germ plasm destination during mid-oogenesis in a stochastic seeding and self-
recruitment process that continues until the early embryo [46] (germ plasm is a special
cytoplasm at the posterior pole of late-stage eggs and early embryos; germ plasm contains
MRNAs needed for processes including embryo patterning and germ cell formation. For
reviews, see [47-51]). To test whether nos localization is affected by helicase activity
mutations, we performed single-molecule fluorescent /n situ hybridization (SmFISH) on
stage-13 oocytes to identify both unlocalized single nos transcripts that reside outside the
germ plasm and n70s homotypic clusters found within the germ plasm. Using previously
established imaging and image analysis techniques [45, 46] (See Material and Methods),
we first determined that there was an average of 7.82 + 0.56 nos transcripts per cluster

in yellow-white (yw) flies, which was consistent with the previously published value [46].
The ywaverage nos cluster size was not significantly different from the control CRISPR
strain (me31B"7-GFP) that generated an average 70s cluster size of 6.42 + 0.21 (p > 0.46),
demonstrating that our CRISPR genome modifications do not affect r70s localization. Using
the me31BPVLAAAALL strain as a representative for disruption of Me31B helicase activity,
we found that the average number of r70s transcripts found in a homotypic cluster was 2.39
+ 0.21, which was a significant reduction when compared to the me31B8"7-GFP control

(p < 0.002). Together, these data suggest that the Me31B helicase activity influences nos
localization to the germ plasm.

We next explored the mechanisms by which Me31B influences r0s localization. Recently,
it has been shown using computational modeling and experimental validation that the
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localization of nosis influenced by 1) the number of nos transcripts expressed, 2) the
amount of osk in the system, which contributes to germ granules’ carrying capacity, and 3)
nos’s clustering factor, a quantifiable effect that, in conjunction with nos transcript and osk
levels, regulates the number of transcripts that can accumulate within a homotypic cluster
[46, 52]. To identify whether me31BPVLAAAA affects one or more of these mechanisms,

we first conducted gRT-PCR to measure the levels of nosand osk RNAs in the ovaries.

We found that nos transcript levels were reduced to 61% + 7% of wild-type levels and osk
levels were reduced to 56% + 4% when compared to wild-type (p < 0.05) (Figure 4C). To
determine whether these changes can account for the observed reduction of nos homotypic
cluster sizes in the me31BPYLAAAA mutant, we used computational modeling to recapitulate
nos localization /n silico by adjusting a previously published model’s parameters [52] from
1.00 to 0.61 for nostranscript levels and from 1.00 to 0.56 for germ granule carrying
capacity (See Material and Methods). Modeled nos homotypic clusters contained an average
of 2.58 £ 0.06 transcripts per cluster which was not significantly different from the average
produced by the me31BPVLAAAA mutant (p > 0.99) (Figure 4B). Together, these data
suggest that the mechanism creating the r70s localization defect in the me31BPVLAAAA
mutant is caused by a combined effect generated by the simultaneous reduction of n0s and
osk levels.

Next, we wondered whether these r70s and osk transcript level changes also occur in the
other two helicase mutants (me31B52054/+ and me31B73859/+). To this end, we measured
the transcript levels of oskand n70s in the two mutants. In the me31B2%8A/+ mutant, both
nos and osk levels were not significantly different from the w2228 control (p > 0.05) (Figure
4D). Using smFISH, we determined that me31B85206A+ flies had an average 70s cluster size
of 6.67 + 0.88, which was not significantly different from the me31BW7-GFP control (p >
0.99). Interestingly, we identified a small number of nos clusters from me31B52064/+ flies,
20 out of 13,131, that had nos cluster sizes that were larger than expected when compared
to ywand/or the me31BWT-GFP control (Figure 4B), suggesting that a small subset of
germ granules may have a larger carrying capacity in the me31852084/+ mutant (See
Discussion). In the me31B87385Q/+ mutant, the 70s MRNA showed a significant decrease
(44% + 2%), while the osk level showed a significant increase (194% + 12%) when
compared to the control (Figure 4E). Of note, smFISH experiments on me31B7385C/+
oocytes did not produce quantifiable results because the strain produces severe oocyte
defects (Supplementary Figure 2) and lays few eggs that have severe morphological defects
(Figure 2A). Comparing the changes of nosand osk between the three helicase mutants
(compare Figure 4C, D, and E), it appears that the three helicase mutations caused non-
uniform effects on the levels of nosand osk. This suggests that the three mutations likely
rendered different impacts on Me31B’s helicase activity and its substrate mMRNAS. This
notion is consistent with the three mutants’ different sterility severity described earlier.
Moreover, we cautiously reason that the dysregulation of nosand osk levels was not likely
to fully explain the sterility of the helicase mutants, therefore, further studies are needed to
reveal and contrast how the helicase mutations globally affect germline RNAs.
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Me31B N-ter motif, C-ter motif, and FDF-binding motif mutations decrease female fertility

Next, we went on to investigate the /n vivoroles of Me31B N-ter domain, C-ter domain, and
FDF-binding motif in the Drosophila germline. Earlier studies showed that the N-ter RecA-
like domain contributes to the protein’s ATP binding, helicase activity, and P-body assembly
[19, 34]; The C-ter RecA-like domain contributes to the protein’s ATP hydrolysis, helicase
activity, RNA translational repression, partner-protein binding, and P-body assembly [32,
34, 37, 53]; The FDF-binding motif allows Me31B to physically interact with FDF motifs
in partner RNA-repressor proteins like Tral and EDC3 [3, 4, 28, 33, 37, 38]. To study

these motifs, we generated me31BN, me31BC-, and me31BPF alleles containing the
N-ter coding sequence only (AA 1 — 276), the C-ter coding sequence only (AA 277 —

459), and substitution mutations in the FDF-binding motif (CLNTL—ALNTA, according
to [32]), respectively (illustrated in Figure 1). We do note that our many attempts to
generate the original N-ter (AA 1 —267) and C-ter (AA 268 — 459) mutations were not
successful, but we were able to generate alternative N-ter (AA 1 —276) and C-ter (AA

277 — 459) mutations instead, and the latter CRISPR constructs were used in this study.

We found that flies homozygous for me31BN, me31BC-€, and me31BPF alleles were
viable as adults, so we used homozygous mutants from those alleles in the rest of the study.
Prompted by the helicase-motif mutations’ strong effects on fly fertility, we first screened
the me31BN-", me31B ", and me31BFPF female flies’ fertility by using a previously
reported fertility assay [54]. In this assay, three to five biological replicates of single-fly
crosses (see Materials and Methods for the assay procedure) were conducted to quantify the
egg laying and progenies hatched (hatchability). The assays revealed that the me31B/V-,
me31BC e and me31BFPF flies had a significant fertility decrease when compared to the
me31B"T control (Figure 5A and Supplementary Table 2). Specifically, for the egg laying,
a me31B"7 control female fly laid an average of 117 eggs during the assay period, while

a me31BN-€, me31BC and me31BFPF female laid an average of 68, 29, and 77 eggs,
respectively, a significant decrease of 42.9%, 75.2%, and 34.2%, respectively (Figure 5A).
For the progenies hatched, a me31B8%7 control female produced an average of 106 progeny
flies, while a me31BN-€, me31BC¢, and me31BFPF female produced 47, 0, and 75
progenies, a significant decrease of 55.7 %, 100%, and an insignificant decrease of 29.2%,
respectively (Figure 5B). The surprising absence of progenies from the me31B8¢-" mutant
indicated that the me31B¢ females were sterile. Indeed, we examined a separate batch

of eggs (n = 97) from the me31BC- females (accompanied by w218 males) and observed
that none of the eggs developed into larvae or later stages. Furthermore, all the eggs from
the me31B¢" mothers showed morphological defects including fused dorsal appendages
(n = 66, 68% of the eggs) or no dorsal appendages (n = 31, 32% of the eggs) (Figure 5D),
consistent with me31B8¢-" females being sterile. Then, using the above data, we calculated
the egg hatchability rate by dividing the number of progenies hatched by the number of eggs
laid. The egg hatchability rates from me31BV-€" and me31B€-" mothers are 68.3% and
0%, respectively, a significant decrease when compared to the 90.8% hatchability from the
me31BWT control (Figure 5C). For the me31BPF females, their egg hatchability (97.1%) is
not significantly different from the control (Figure 5C).

We conclude that Me31B’s N-ter or C-ter motifs (when expressed alone) and mutation in
the FDF-binding motif cause Drosophila female fertility to decrease. Interestingly, although

FEBS Lett. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kara et al.

Me31B N-ter

Page 8

both me31BV-r and me31BC-" mutants caused decreases in egg-lay and hatchability,
only the me31BC- behaved as a recessive-sterility allele, suggesting that the two domains
have different roles in fertility. Comparatively, the me318PF mutant showed a very mild
fertility decrease with no measurable defects in egg hatchability. This could mean that the
Me31B-partner-protein interactions mediated by the FDF-binding motif only have a small
influence on fly fertility (more in Discussion).

motif and C-ter motif mutations decrease the Me31B protein level.

We hypothesized that the fertility decreases in the me31BV-%", me31B¢’, and me31BPF
mutants could be caused by Me31B protein abundance changes. To test this, we used anti-
GFP Western blots to quantify the Me31B proteins expressed in their ovaries. \We observed
that the Me31BN-t€" and Me31BC-t¢" protein levels were 40% (p < 0.01) and 11% (p < 0.001)
of the Me31BWT control, respectively (Figure 6, with additional biological replicate images
shown in Supplementary Figure 3). However, the Me31BFDF protein level (114%, p > 0.05)
was comparable to the Me31BWT control. These protein level changes were not caused by
me31B mRNA level changes as our RT-PCR data indicated that the me31B transcripts levels
in the me31BN-", me31BC-€", and me31BPF mutants were not significantly different from
the wildtype control (Supplementary Figure 4A). We conclude that the N-ter and C-ter
motifs are important for maintaining the Me31B protein level and deleting either motif likely
destabilizes the protein. The data also suggest that the Me31BC" protein is less stable

than the Me31BN-t¢" protein. Together with the fertility experiments above (Figure 5), we
noticed that the mutants’ fertility and their protein expression levels shared a similar trend,
with the me31B¢" mutant showing complete sterility and the least protein expression and
the me31BFPF mutant showing a mild fertility decrease and near wildtype-level protein
expression (compare Figure 5 and Figure 6B). This leads us to speculate that the fertility
decreases in the me31BN-", me31BC-€r, and me31BPF mutants could be the combined
effects of Me31B function and abundance changes.

Me31B N-ter motif, C-ter motif, and FDF-binding motif mutations alter Me31B subcellular

localization.

Me31B has particular localization patterns in Drosgphila germline cells, and its localization
is believed to reflect the working sites of the protein. Therefore, we asked whether the
fertility decrease of the me31BN-%!, me31BC-€’, and me31BPF mutants could be associated
with altered Me31B subcellular localization. Previous research established that wildtype
Me31B is expressed abundantly in the cytoplasm of nurse cells and developing oocytes in
Drosophila ovaries. In these cells, Me31B complexes with partners like Tral and Cup and
aggregate together into RNP granules such as perinuclear granules (nuage granules) in nurse
cells, P-body/sponge body granules in nurse cells and oocytes, and germ plasm granules in
oocytes [1, 24, 28]. To screen for potential localization abnormalities, we took advantage

of the GFP tags on the mutant Me31B proteins to visualize them and used anti-Tral (and
anti-Cup) immunostaining to mark the germline RNP granules in the egg chambers.

In the early-stage egg chambers (Figure 7, left panel, A through D”), wildtype Me31BWT-
GFP and Tral both localize to the nuage granules and the P body/sponge body granules
in the nurse cells and developing oocytes (Figure 7, A to A”). The two proteins showed

FEBS Lett. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kara et al.

Page 9

extensive overlap at these granules, suggesting likely colocalization. This localization
pattern of Me31BWT-GFP and Tral is indistinguishable from that in the Oregon-R (OR)
strain or the GFP-Trap strain carrying wildtype me31B genes [1, 24], confirming that the
CRISPR me31B"T control strain maintains wildtype Me31B activities. In contrast, the three
mutant Me31B proteins, Me31BN®-GFP, Me31BC-"-GFP, and Me31BFPF-GFP, were
conspicuously more diffused in the nurse cells and oocytes, and no longer overlap with Tral
whose localization remained similar to the control (Figure 7, B through (D). Furthermore,
the three mutant proteins each showed distinct, subcellular localization/distribution patterns.
Me31BN-®-GFP proteins were surprisingly found in the nurse cell nucleus (Figure 7B),
which was further confirmed by co-staining the egg chambers with DNA stain DAPI
(Supplementary Figure 5). The Me31BC®"-GFP formed a small number of aggregates
(Figure 7C), but the aggregates were smaller in size than the Me31BWT-GFP aggregates
and did not overlap with the Tral aggregates. Interestingly, the Me31BC-€"-GFP proteins
were found in small, ring-like structures that appear to be ring canals (yellow dashed
squares in Figure 7C and C”), structures that connect the cytoplasm between nurse cells and
oocytes and allow for intracellular transportations. The Me31BFPF-GFP completely failed
to aggregate into any granules in the cytoplasm (Figure 7D) but, like the Me31BC-tr-GFP,
accumulate at the ring canal-like structures (yellow dashed squares in Figure 7D and D”,
also H and H”). These observations indicate that Me31B’s proper subcellular localizations,
notably the localization to germline RNP granules, require the N-ter, C-ter, and FDF-binding
motifs. We point out that the Me31BFPF-GFP’s failure to localize to RNP granules was
independent of its protein expression level (Figure 6). This evidence, together with the mild
fertility decrease of the me31B7DF strain (Figure 5), suggests that Me31B’s localization to
germline RNPs only has a small influence on fertility.

In the early-to-mid-stage egg chambers (Figure 7, middle panel, E through H”), we observed
that Me31B enrichment in developing oocytes was abolished in the three mutants. In the
me31B"7 control egg chambers, Me31BWT-GFP and Tral both were highly enriched in

the developing oocytes, with the two proteins extensively overlapping (Figure 7, E to E”).
However, in the me31BN-€ and me31B¢-’ egg chambers, the mutant Me31B proteins show
no obvious enrichment in the future oocytes (Figure 7, F to F” and G to G”), while Tral’s
enrichment pattern remained unaffected. In the me3187PF mutants, the Me31BFPF-GFP
proteins still showed enrichment in the oocytes, but it was much weaker than the Me31BWT-
GFP control (Figure 7, H to H”). We conclude that the N-ter, C-ter, and FDF-binding motifs
are needed for Me31B’s proper accumulation into future oocytes at early-to-mid oogenesis.

In the mid-stage egg chambers (Figure 7, right panel, | through L"), Me31BWT proteins
were found along the cortex of the oocytes and localized to the germ plasm area (Figure

7, 1'to 17), similar to the wildtype strains previously reported [28]. In the me31BN-%/,
me31BC e and me31BFPF mutants, the Me31B proteins still localized to the above areas,
but the localized proteins appeared diffused and had less granularity (Figure 7, J through
L™). In the three mutants, Tral localized along the oocyte cortex and became enriched in

the oocyte posterior (germ plasm area), but the enrichment appeared weaker than in the
Me31BWT control. We quantified the enrichment level differences by measuring the ratio of
the average Tral intensity in the oocyte posterior over that along the cortex (See Materials
and Methods and [28]). Compared with Tral’s enrichment ratio of 2.56 in the me318W7T
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control, the ratios in me31BN-", me31BC’, and me31BPF mutants were 1.26 (-50.8%,
p <0.01), 2.25 (-12.6%, p > 0.4), and 2.22 (-13.5%, p > 0.1), respectively, with only the
decrease in me31BN-%" being significant (Supplementary Figure 6).
To further validate that the above localization phenotypes of the Me31BN-r.GFP,
Me31BC--GFP, and Me31BFPF-GFP proteins were not a result of defective germline RNP
formation, we performed immunostaining against another germline RNP marker, Cup. We
found that Cup’s localization and aggregation into germline RNPs remained unchanged in
the me31B mutants (Supplementary Figure 7).

Discussion

This study aims to investigate the /n vivoroles of key functional motifs of DEAD-box

RNA helicase Me31B in the context of Drosophila germline development and fertility.

We generated Drosophila strains mutant for six key motifs and performed screening
characterizations. The results are briefly summarized in Figure 8. The three helicase motifs
(DEAD-box, DVLARAK, and HRIGR) essential for the helicase activity are conserved
among the members of the Me31B protein family, and mutations in each of them resulted in
alleles (me31BE208A  me31BPVLAAAA and me31BR3659) causing dominant female sterility.
Their sterility is associated with oogenesis defects (like nurse cell dumping defects or

egg chamber degeneration) and embryo patterning defects. Interestingly, the nurse cell
dumping defects mimic previously reported “dumpless” phenotypes in the dcp-1 (encoding
a caspase involved in apoptosis) mutant egg chambers, which also led to early embryo
development arrest and female sterility ([55] and a later correction of the reference clarifying
that the ovary phenotype was due to the combined effect of dcp-7 and CG3941). These
acp-1 phenotypes and sterility were associated with abnormal nucleus envelope breakdown
and cytoskeleton organization during nurse cell apoptosis and dumping [55]. Whether the
helicase mutations had the same underlying mechanisms remains to be analyzed.

The sterility and germline defects in all three helicase mutants strongly suggest that each
motif (DEAD-box, DVLARAK, and HRIGR) is integral for Me31B’s helicase activity,
which, in turn, is needed for Drosophila germline development. An explanation for the
helicase mutations being dominant could be that the mutations introduced detrimental
functions to the Me31B protein. This speculation is supported by the effects of similar
substitution mutations in other DEAD-box helicases. For example, in elF4A (another
DEAD-box RNA helicase important for germline mRNA translational control [56, 57]),
DEAD—DQAD and HRIGR—HRIGQ mutations cause the protein to become dominant
negative in translation 7 vitro [58-60]. As another example, in an assay of Xp54 (Me31B
ortholog in Xenopus)’s effect on tethered RNAs, DEAD—DQAD mutation, DILARAK
(homologous to Me31B’s DVLARAK) —DILAAAA mutation, and HRIGR—HRIGQ
mutations changed the protein’s regulation on substrate RNAs from translational repression
to activation [34]. This in vitro evidence, together with our /n vivo data, makes us speculate
that the me31BF206A me31BPVLAAAA and me31BR365C mutations could have altered
Me31B’s RNA-translation and RNA-stability control activities. Then, considering Me31B’s
physical association with most maternal mMRNAs [2], the mutated Me31B proteins may
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have dominantly caused a global dysregulation of the germline RNAs, eventually leading to
hatching failures.

When comparing the germline phenotypes of the three helicase mutants, it was noticed

that the HRIGR—HRIGQ mutation caused much more severe phenotypes such as mid-
oogenesis apoptosis than the other two (DEAD—DAAD and DVLARAK—DVLAAAA)
mutations. We suspect this may be because 1) substituting a motif’s key amino acid from
arginine (R) to glutamine (Q) causes more detrimental effects than to alanine (A), or

2) the HRIGR motif contributes a distinct and more important role than the DEAD and
DVLARAK motifs. Previous research in other systems provided conceptual support for both
explanations. For the first, DQAD mutation in the DEAD-box motif of GLH-1 (a conserved
germ granule RNA helicase in C. elegans) led to a more severe fertility decrease and
embryo-arrest phenotypes than DAAD mutation [61, 62]. For the second, DEAD—DQAD
mutation in the DEAD-box helicase elF4A abolished the protein’s ATPase activity but
retained a small amount of RNA-binding activity, while the HRIGR—HRIGQ mutation
abolished the RNA-binding ability but retained some ATPase activity [58], suggesting that
the HRIGR motif may play certain unique, non-redundant enzymatic steps for the helicase.

In our attempt to find a molecular-level explanation for the sterility of the helicase mutants
(me31BF206A me31BPVLAAAA and me31B7659), we found that the me31B8PVLAAAA
mutation caused decreased levels of important germline mRNASs r70s and osk; which were
the underlying factors for the altered 70s MRNA localization in the germ plasm. This
indicates the role of Me31B’s helicase activity in maintaining germline mRNA transcript
levels and therefore, their subcellular localization. Combining our new data with previously
established findings that Me31B (whole protein) functions in post-transcriptional mMRNA
regulation like RNA stability control [1-3, 28, 38], we speculate that Me31B functions /n
vivo in stabilizing unlocalized germline RNPs containing n0os and osk, allowing for stable
MRNAs to reach and become incorporated into the germ plasm. We further speculate that
disruption of the helicase motif DVLARAK results in a destabilization of mMRNAs that have
not localized to the germ plasm, resulting in a decrease in nosand osk that are available

to form the germ plasm and ultimately reducing the n70s localization. In the /me31BE206A]+,
~ 0.15% of nos clusters had extra-large cluster phenotypes, suggesting that some germ
granules have larger than normal carrying capacities (Figure 4B). However, altering carrying
capacity through osk levels using computational modeling generates uniform effects on all
germ granules [52]. Thus, we were unable to further investigate how a subset of granules
obtain extra-large /70s cluster phenotypes in me31B852%A+. Future studies should explore
how granules’ carrying capacity may be non-uniformly influenced to better understand how
nos cluster size is regulated. Additional germ plasm mRNAs such as cycB, pgc, and gcl
also diffuse to the posterior RNPs containing a single transcript and form homotypic clusters
within germ granules [45]. Thus, future studies should explore whether Me31B’s helicase
activity is specific to n0s or has a more global role in stabilizing unlocalized germ plasm
MRNAs.

Besides the helicase motifs, we screened Me31B’s N-ter motif, C-ter motif, and FDF-
binding motif for their potential phenotypes in fertility, Me31B expression, and Me31B
subcellular localization. We found that the me318N-%", me31BC", and me31BPF
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mutations caused fertility decreases to different extents, with the me31B¢%" allele showing
the strongest effect for being a recessive sterility allele. The three mutations also caused
different phenotypes in Me31B protein expression level and subcellular localizations
(without causing significant changes to the transcript levels of me318 mRNA or germline
MRNASs such as 770s or osk. See Supplementary Figure 4). To avoid repeating the results
already described, we only discuss a few striking observations next.

We were surprised to find that the two large deletion mutations, me31BM€" and me31BCe",
produced viable, homozygous flies. This surprise arises from previous knowledge that
me31Bis an essential gene and needed for the development of fly tissues beyond the
germline: Complete loss-of-function mutation of me318 (me31B8%) causes larval-stage
lethal but me3182 germline clone (/me3184 in the germline only) produces viable flies
(although with germline tissue defects) [1], suggesting that Me31B also supports soma
growth. Therefore, Me31B’s N-ter or C-ter motif, when expressed alone, must be able to
provide certain essential, full-length Me31B functions needed for fly growth. How the two
non-overlapping motifs provide such functions awaits future investigation.

The me31BM€" and me31BC€" homozygous mutations support fly viability but caused
fertility to decrease, suggesting that they are likely hypomorphic alleles of me315.

Their fertility-decrease phenotypes may be explained by these alleles’ decreased protein
expression levels (which somewhat parallel the extent of fertility decreases in the mutants)
and/or the mutant Me31B proteins’ distinct subcellular localizations. Future studies should
explore whether these hypomorphic alleles cause changes in other Me31B functions such as
regulating the translational status of important germline genes like nos and, if yes, whether
these changes also contribute to the decreased fertility.

Regarding Me31B’s localization to germline RNPs, the mutant proteins, Me31BN-r-GFp,
Me31BC"-GFP, and Me31BFPF-GFP, all showed defective localization and appeared rather
diffused in the egg chambers. However, the diffused status of the Me31B proteins did not
seem to affect the formation of germline RNPs (marked by Tral or Cup). This suggests

that Me31B’s N-ter, C-ter, and FDF-binding motifs do not individually influence germline
RNP formation, but rather play roles in localizing Me31B to the RNPs. Most interestingly,
the me31BPF mutation abolished Me31B’s localization to germline RNPs, but only mildly
decreased fly fertility, suggesting that Me31B’s localization to the RNPs is not essential for
fertility. This further suggests that there may be flexibility in the functioning of germline
RNPs that does not completely rely on RNP-localized Me31B. Considering that Me31B is
very abundantly expressed in the germline, dispersive Me31B proteins such as Me31BFPF
can exist in large quantities in the proximity of germline RNPs, allowing the protein to
interact with and thus provide Me31B-protein functions to the RNPs. This interaction may
be more transient and not as extensive as wild-type Me31B proteins that aggregate on

the RNPs, but it could be sufficient for the RNPs to perform essential functions such as
post-transcriptional regulations on the constituent mRNAS, which, in turn, enables proper
germline development and fertility. The above speculation is conceptually supported by
that, although the RNAs within germline RNPs are found to be very stable [46, 52], the
proteins in the RNPs such as Osk display liquid-like behavior as they have been shown

to dynamically exchange with the environment [52, 61, 63-65]. This liquid characteristic
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may provide grounds for Me31BFDF to freely enter and interact with (although not retained
in) the RNPs. Regarding Me31B protein’s aggregational status, another aggregation factor
worth discussing is Me31B’s two predicted Intrinsically Disordered Regions (IDRs) at the
N-ter end (AA 1-53) and the C-ter ends (AA 431 — 459), respectively. A previous /n vitro
study showed that deleting the IDRs caused rapid Me31B self-assembly into aggregate-like
structures, and therefore the IDRs were suggested to attenuate the interactions between the
folded, more rigid N-ter and C-ter motifs [66]. Together with the three motifs’ (N-ter, C-ter,
and FDF-binding motifs) role in Me31B localization to RNP granules and their previously
established functions in helicase activity, RNA interactions, and partner-protein binding, we
speculate that Me31B’s localization to germline RNPs (and aggregation on them) could be
a complex interplay between Me31B-RNA interacting, Me31B-partner protein binding, and
IDR modulation.

The subcellular localization screening analysis revealed the confounding nuclear localization
of Me31BN-" proteins, in sharp contrast to Me31B’s established role as a cytoplasmic
protein [1, 2, 24]. An explanation on trial is that Me31B may be a nucleocytoplasmic
shuttling protein with a Nuclear Localization Signal (NLS) sequence in the N-terminal
motif. This NLS sequence leads Me31B into the nucleus, and then the C-terminal

motif mediates the protein’s export and retention in the cytoplasm. This speculation is
conceptually supported by the nucleocytoplasmic shuttling activities of DDX6 (human
homolog of Me31B) [53] and Xp54 (Xenopushomolog) [11] in cell culture models.
However, our efforts to identify a Nuclear Localization Signal (NLS) sequence by using
prediction tools (NLStradamus [67], cNLS Mapper [68], and SeqNLS Prediction Server
[69]) were unsuccessful. Although we were able to locate amino acid sequences in

Me31B (KSKLKLPPKDNRFK, AA 35 —48, and CIPVLEQIDP, AA 113 - 122) that

are homologous to the putative NLS and Nuclear Export Signals (NES) sequences in
DDXG6, respectively [53], experimental evidence is still needed to validate their /n7 vivo
functionality. We do not exclude the possibility that the N-terminal NLS is just a non-
functional sequence that is normally masked in folded, full-length Me31B protein, and the
sequence was accidentally exposed to nucleus transportation machinery upon the deletion of
the C-terminal motif.

All in all, this study generated novel me31B Drosophila strains mutant for the protein’s
key functional motifs, explored the fertility and germline phenotypes brought about by
these mutations, and provided insights into the molecular-level mechanisms underlying the
phenotypes. For the conserved nature of Me31B and its orthologs’homologs, our report
paved the road to understanding the /n vivo functions of Me31B, its key motifs, and other
DEAD-box helicases in different cell types and species.

Materials and Methods

Fly strain generation by CRISPR gene editing

Mutant me31B Drosophila strains were generated by using the previously reported CRISPR
procedure [70, 71]. Specifically, CRISPR Optimal Target Finder [70] and DRSC/TRIP

Functional Genomics Resources (Harvard Medical School) were used to find gRNA cutting
sites flanking the me31B gene in the Drosophila genome. Then, the found gRNA sequences
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(GAACGGGACTTAGGAACGACAGG and AAATCCTAGATTTACTTACATGG) were
cloned into gRNA-expressing plasmid vector pCFD5 (Addgene) according to the suggested
protocols. HDR donor plasmids carrying wild type me31B gene were constructed by cloning
me31B gene DNA into the pHD-sfGFP-ScarlessDsRed cloning vector (Addgene) according
to suggested protocols. In the constructed HDR plasmids, the super-fold GFP (sfGFP)

gene is positioned in-frame and downstream of the me31B gene so that the sSFGFP protein

is tagged to the C-terminal end of the expressed Me31B proteins. The DsRed marker

gene is positioned in the intergenic region downstream of the me318 gene. HDR plasmid
with mutant me31B genes was generated by mutating the me31B wild-type gene in the
wildtype HDR donor plasmid by using the Site-Directed Mutagenesis kit (New England
Biolabs) according to the manufacturer’s recommended protocols. The resulting HDR
plasmids containing different me31B alleles are named after the carried mutations (Figure
1). The gRNA-expressing plasmid and the HDR donor plasmids were co-injected into a
Cas9-expressing strain (Genetivision) to generate desired wild type and mutant me318
strains, which were crossed with a 2"d chromosome balancer to establish balanced stocks
when possible. The plasmid vectors constructed and the obtained me31B strains were
validated by sequencing.

Genetic crosses

Balanced me31B wild type and mutant strains were self-crossed to obtain homozygous
mutant strains. For the dominant female sterile me31B strains, males carrying the mutant
allele were crossed with u?ZZ8 (Bloomington Drosophila Stock Center 3605) females to
obtain heterozygous strains.

Immunohistochemistry

Drosophila ovary immunostaining was performed as previously described [24, 72,

73]. The following antibody dilutions were used: Rabbit-anti-Tral (1:1,000), Mouse-anti-
Cup (1:1000), Donkey-anti-mouse-Cy3 and Donkey-anti-Rabbit-Cy3 secondary antibodies
(Jackson ImmunoResearch) were used at 1:500. Images were captured by an Olympus
FV3000 confocal laser scanning microscope.

Western blots

Western blot antibodies were used at the following dilutions: rabbit-anti-GFP (1:100,000),
and mouse-anti-a-Tubulin (1:100,000). Secondary antibodies were used at the following
dilutions: mouse-anti-rabbit HRP (Jackson ImmunoResearch) (1:10,000 for rabbit-anti-
GFP), goat-anti-mouse HRP (Santa Cruz Biotechnology) (1: 50,000 for mouse-anti-a.-
Tubulin primary antibody). The protein band quantification analysis was performed by using
ImageJ (https://imagej.nih.gov/ij/)

Fertility assay (for me31BWT, me31BN€" me31BCte", and me31BFDF strains)

Fertility assays were performed according to previously established protocols [54]. Briefly,
virgin females from me31BWT, me31BN-", me31BC- ", and me31BFPF strains were
collected and allowed to age for 3 — 4 days separately in fly food vials. Each female was
then put in a vial with a w2228 male. After 24 hours, the males were removed from the vials,
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and the fertilized females were transferred to a new vial every day for the next 10 days. The
eggs laid and the progenies hatched from each vial were counted. The hatch rate of each vial
is calculated by dividing the progenies hatched by the number of eggs laid. An equal amount
(15 ml) of fly food medium (Molasses Formulation, Genesee Scientific) was used in each
vial.

Embryo morphology and embryo hatchability (me31BF208A me31BPVLAAAA and
me31BR385Q strains)

To observe the morphology and the hatchability of the embryos from me31B5206A/+,
me31BPVLAAAA . me31BR3659/+, and w18 control strains, approximately 80 females
from each strain were put into a small embryo collection cage in the presence of 20 uA18
males, and the embryos were collected on grape agar plates at 25°C after 24 hours. The
embryos were counted and analyzed under a dissection microscope for their morphology.
The embryos’ hatchability was calculated 72 hours after they were laid by counting the
number of those that developed into larvae (or later stages) or by counting those that failed
to develop and then subtracting the failed ones from the total number of eggs laid.

RNA extraction, cDNA synthesis, and quantitative RT-PCR

Three biological replicates (each with three technical replicates) were performed for

each strain’s RT-PCR experiments. Ovarian total RNA was extracted from 5 pl freshly
dissected fly ovaries by using Qiagen RNeasy Purification Kit (Qiagen) according to the
manufacturer’s instructions. The obtained RNA samples’ concentrations were measured by
using NanoDrop 2000c. The RNAs were reversely transcribed to cDNAs by using the High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher) according to the manufacturer’s
instructions. The synthesized cDNAs were then used for quantitative PCR by using Luna
Universal gPCR Master Mix (New England Biolabs). The following PCR Primers were
used in this study: r70s forward 5 GTCACCAGCAAACGGACGAGATT -3’, nos reverse
CGGAGCACTCCCGTAGGACAT, osk forward 5°- TTGCTGAGCCACGCCCAGAA

-3’, oskreverse 5’- ACATTGGGAATGGTCAGCAGGAAATC -3, rp49forward 5°-
GCTAAGCTGTCGCACAAA, rp49reverse 5’- TCCGGTGGGCAGCATGTG -3’. rp49
RNA was used as the reference. Data analysis was conducted by using the CFX Manager
Software (BioRad) and Microsoft Excel.

smFISH, image analysis, and computational modeling

smFISH was carried out as previously described using published nos probe sequences [46,
52, 74]. In summary, ovaries were dissected from yeast-fed females in cold PBS in under 10
minutes and tissues were fixed for 30 minutes in 4% paraformaldehyde and PBS solution.
Tissue was incubated with smFISH probes overnight at 37 °C in the hybridization solution
previously described [46]. For imaging, egg chambers were mounted in Prolong Glass (Life
Technologies) and were allowed to cure for 72 hours at room temperature [46, 52]. A Leica
STELLARIS 5 confocal microscope was used for imaging 770s smFISH experiments that
are described in detail [52]. The identification and quantification of unlocalized single nos
transcripts and localized nos homotypic clusters were carried out using a custom MATLAB
(Mathworks) program that has been previously described [46, 52]. Confocal images shown
in Figure 4 are maximum projections that were filtered by a balanced circular difference-
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of-Gaussian with a center radius size of 1.2 pixels and surround size of 2.2 pixels as
previously done for other germ plasm studies [45, 52]. The total number of homotypic
clusters identified is reported in the figure legends. For modeling experiments, we employed
a previously published model that simulates the formation of germ granules, including r0s
homotypic clusters [52]. The only modeling parameters that were adjusted were 1) carrying
capacity, which is influenced by osk levels, was set from 1 (wild type) to 0.56, and 2) the
pool of nostranscript expression was set from 1 (wild type) to 0.61 to mimic the RT-PCR
levels reported in our results section [52].

Immunofluorescence image analysis

Fluorescence images were analyzed by using ImageJ (https://imagej.nih.gov/ij/) as
previously described [28]. Briefly, the Tral posterior enrichment ratio was calculated by
dividing the mean Tral signal intensity of the posterior portion by that of the cortex portion.
The average intensity of the lateral and dorsal cortex was used for the ratio calculation. In
the case one side of the cortex was apparently under-stained, only the other side of the cortex
was used for the ratio calculation. We do note that these measurements and ratio calculations
can only be used to estimate Tral enrichment and are subjected to technical limitations like
the quality of antibody staining and the selection of the microscope focal planes.

Statistical Analysis

Reported p-values between average nos homotypic cluster sizes were performed using
ANOVA test with a post-hoc Tukey test that was calculated using R statistical programming
in R Studio using the function aov and TukeyHSD functions within the DescTools package
[75]. Violin plots were created using the ggplot and ggstatsplot packages [76, 77]. Heatmaps
of germ plasms were generated as previously described [46].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of the M e31B wildtype and mutant proteinsin the Drosophila strains
generated in thisstudy.

The bar after each Me31B protein name represents the primary structure of the protein.

The numbers on top of the bars mark the number of amino acids and their positions in the
protein. Green Fluorescence Protein (GFP) tags are expressed at the C-terminal end of the
constructed Me31B proteins. The point mutations are as follows: E208A, glutamic acid 208
replaced by alanine; R101A, arginine 101 replaced by alanine; K103A, lysine 103 replaced
by alanine; R385Q, arginine 385 replaced by glutamine; C285A, cysteine 285 replaced by
alanine; L289A, leucine 289 replaced by alanine; Y273S, tyrosine 273 replaced by serine;
Y274N, tyrosine 274 replaced by asparagine. Me31BN-t€" protein (deletion of amino acids
277 to 459) contains the first 276 amino acids of the wild-type protein. Me31BC€" protein
(deletion of amino acids 1 to 276) contains the last 183 amino acids of the wild-type protein.
*Note that two unintended, missense mutations were detected in the me318F strain
when sequencing its me31B8 gene. The two mutations (Y273S and Y274N) are outside the
FDF-binding motif.
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Figure 2. Defective embryo patterning and oogenesis in heterozygous me31BE208A

me318DVLAAAA, and me31BR38Q grains.
(A) Embryos laid by w28 and me31BWTI+ control females all had normal (100%)

dorsal appendages. In contrast, embryos laid by me31B852%A]+ females had fused (45%),
shortened (33%), and normal (22%, Supplementary Table 1, picture not shown) dorsal
appendages; embryos laid by me31BPVLAAAAl+ females had shortened (33%) or normal
(67%, not shown) dorsal appendages; embryos laid by me31B87385C+ females all had severe
morphological defects (100%). (B) In 52% of late-stage (stage 14) eggs of me31B52064]+
mutant (right panel), dumping of the nurse cell content into the oocyte was incomplete (see
the highlighted region with yellow dashed lines), in contrast to the successful dumping in
the w2218 and me31B"7]+ control eggs. DAPI staining of the same eggs was shown at

the bottom panels, and nurse cell nuclei-like materials were present in the “un-dumped”
region of the me31B52084/+ mutant egg. (C) Similar dumpless phenotypes were observed
in 78% of me31BPVLAAAAIL mutant’s late-stage (stage 14) eggs. The “un-dumped” regions
(highlighted with yellow dashed lines) were broader than the me31B852%A/+ mutant in (B).
Only 22% of the me31BPVLAAAALL mutant’s eggs appeared normal. (D) Ovarioles from
w18 me31BW7]+, and me31B73859)+ females were stained by DAPI stain. The ovarioles
are oriented so that the early-stage egg chambers are on the left and the later-stage egg
chambers are on the right. Early-to-mid-stage egg chamber degenerations in me31B7385C/+
mutant (right panel) are indicated by arrows, in contrast to the successfully developed early-
and mid-stage egg chambers in the w28 and me31BW7]+ controls.
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Figure 3. Western blot quantification of mutant M e31B protein levelsin me31BE208A,
me31BPVLAAAA and me31BR385Q heterozygous strains.

(A) Anti-GFP Western blots were used to quantify the Me31BWT-GFP, Me31BE208A_GFP,
Me31BPVLAAAAGEP, and Me31BR385Q-GFP proteins in the ovaries of the corresponding
heterozygous strains. Anti-tubulin Western blots were used as loading controls. The
expression levels of Me31BE208A_GFP, Me31BPVLAAAA_GEP, and Me31BR385Q-GFP
proteins were lower than the Me31BWT control. The images shown are representative
images of three biological replicates. The additional, uncropped biological replicate images
are presented in Supplementary Figure 1. (B) The Me31BE208A.GFpP, Me31BPVLAAAA GEP,
and Me31BR385Q.GFP protein levels are 68% (p > 0.05), 53% (p < 0.05), and 23% (p <
0.05) relative to the Me31BWT-GFP control, respectively. Western blot image analysis was
performed with ImageJ and protein quantification was normalized by using the alpha-tubulin
proteins. NS, not statistically significant. Error bar represents the standard error of the mean.
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Figure 4. smFISH analysis of nosmRNA in me31BDVLAAAA heter ozygous mutant and
guantitative RT-PCR analysis of nos and osk mRNA levelsin heterozygous me31BE208A,
me31BPVLAAAA and me31BR385Q mytants.

(A) Stage 13 oocytes from me31BY7, me31BPVLAAAA and me31BE2%8A flies, with nos
(magenta) mMRNAs detected using smFISH. The white solid box indicates the unlocalized
single transcripts of nosthat are found in the bulk cytoplasm (enlarged in the second

panel) while the broken yellow box highlights nos that have localized to the germ plasm

by forming homotypic clusters (enlarged and shown as a heatmap in the third panel). (B)
The distribution of n70s cluster size (number of nos transcripts calculated within a granule)
found in each genotype’s germ plasm and the computational model. Clusters were identified
and analyzed from a minimum of four germ plasm replicates and included a total of

3,295 clusters from me31BPVLAAAA 5 551 from the computational model, 19,195 from
me31BWT 10,383 from yellow-white (yw), and 13,131 from me31BE2%8A, Of note, only
oocytes that did not display a dumpless phenotype were included in this analysis. (C) In
me31BPVLAAAALL ovaries, nostranscript level is 61% + 7% of that in the w228 control

(p < 0.05), and osk transcript level is 56% + 4% of that in the control (p < 0.05). (D)

In me31BF298A]+ ovaries, nos transcript level is 104% + 7% of that in the u?Z control
(NS) and osk transcript level is 162% = 12% of that in the control (NS, p > 0.05). (E) In
me31BR385CQ/+ ovaries, nostranscript level is 44% + 2% of that in the w2218 control (p <
0.001), and osk transcript level is 194% + 12% of that in the control (p < 0.001). NS, not
statistically significant. Error bar represents the standard error of the mean. Three biological
replicates (each with three technical replicates) were performed for each strain’s RT-PCR
experiments.

FEBS Lett. Author manuscript; available in PMC 2024 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 26

p<0.05
[
p <0.001 ‘ NS
p<0.01 p<1E4
0
B | 2 p<0.001
= c
") g
3 117 g
L ST
- T &
o i | 5 106
@ -
2 | 77 2 |
£ 68 2
S g I 75
= z
| 47
29
)
o o
7 5, 4 3 e o o
&2 03\?6’\ #%n 2% 0\ 9. R S
N & & & >, &9 AN ol
© [N e [N
c . D
‘ p<1E-5
% <0001 me31BY"T me31B¢-ter
c " Y
§ I
% 97.1%
<= I
° 1
2 68.3%
S
£
. 100% of embryos embryos

0%
5 w e &

© A% R4 A
Mo Vs » Ao
R P e

&

Figure5. Fertility assays of me31BNt& me31BCe" me31BFDF mutants.
(A) A me31BWT (control), me31BN-", me31B<-€’, and me31BPF female fly lay an

average of 117, 68, 29, and 77 eggs, respectively. The egg number of me31BN-r,
me31BC and me31BPF mutants is 58% (p < 0.01), 25% (p < 0.001), and 66% (p

< 0.05) of the me31BWT (control), respectively. (B) A me31BY7 (control), me31BN-/,
me31BC’ and me31BFPF female fly produced an average of 106, 47, 0, and 75 progenies,
respectively. The progeny number of me31BN-%, me31BC-€" and me31BPF mutants is
44% (p < 0.001), 0% (p < 0.0001), and 71% (NS) of the control, respectively. NS,

not statistically significant. (C) The average egg hatch rates for me318W7 (control),
me31BN, me31BC-€r, and me31BFDF strains are 90.8%, 68.3%, 0%, and 97.1%,
respectively. Compared to me31B"7, the hatch rate decreases in me31BV-%" and me31BC-tr
mutants are statistically significant but not significant in me318°F. (D) Embryos laid by
me31BC flies had fused dorsal appendages (68%) or missing dorsal appendages (32%),
in contrast to the normal dorsal appendages (100%) in me31B8Y7 (control). Homozygous
me31BYT (control), me31BN-€r, me31BC-€, and me31BPF flies were used in this and
other experiments of this study unless otherwise specified. Error bar represents the standard
error of the mean. The n number represents the biological replicates performed (full data in
Supplementary Table 2)
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Figure 6. Western blot quantification of Me31B protein levelsin me31BN€" me31BC-ter,
me31BFPF mutants.

(A) Anti-GFP Western blots were used to quantify the Me31BWT-GFP, Me31BN-¢"-GFP,
Me31BC-"-GFP, and Me31BFPF-GFP proteins in the ovaries of the corresponding fly
strains. Anti-tubulin Western blots were used as loading controls. The expression levels

of Me31BN-te" and Me31BC-t¢" proteins were conspicuously lower than the Me31BWT
control protein, while the Me31BFDPF protein level is comparable to the control. The images
shown are representative images of multiple biological replicates. The additional, uncropped
biological replicate images are presented in Supplementary Figure 3. (B) The Me31BN-ter-
GFP and Me31BC®"-GFP protein levels are 40% (p < 0.01) and 11% (p < 0.001) relative
to the Me31BWT-GFP control protein, respectively. The Me31BFPF-GFP protein level is
114% relative to the control (NS). Western blot image analysis was performed with ImageJ
and protein quantification was normalized by using the alpha-tubulin proteins. NS, not
statistically significant. Error bar represents the standard error of the mean.
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Figure 7. Mutant Me31B proteinsin me31BN® me31BCe" and me31BFPF strain show altered
localization patternsin developing egg chambers.

In early-stage egg chambers (left panel, A through D), mutant Me31B-GFP proteins (green
channel) in me31BN%¢!, me31B<-", and me31BFDF strains are much more diffused in the
nurse cell and oocytes, in contrast to the aggregated status of Me31BWT in RNP granules
like nuage granules and P-bodies. And none of the three mutant proteins overlap with
partner protein Tral. Unlike the Me31B mutant proteins, Tral (Red channel) localization

is not affected in the three mutants. Note that Tral was slightly under-stained towards

the center of the egg chamber in B’. Particularly, Me31BN-"-GFP proteins are present

in the nuclei of nurse cells. Me31BC-*"-GFP proteins form fewer numbers and smaller

size granules than Me31BWT-GFP, and the Me31BC-t€" granules do not associate with
Tral-marked granules. Nurse cell perinuclear regions (nuage) are indicated by arrowheads.
P-body granules marked by Tral are indicated by arrows. Note that Me31BC"-GFP and
Me31BFPF-GFP proteins were found in ring-like structures that appear to be ring canals
(yellow dashed squares in C, C”, D, D”, H, and H”). In early-to-mid stage egg chambers
(middle panel, E through H”), mutant Me31B-GFP proteins (green channel) in me318N-"
and me31BC strains do not enrich in the developing oocytes like that in the me318W/T
control. Me31BFPF-GFP protein’s enrichment in the developing oocytes is weaker than
that in the control. Tral (red channel)’s enrichment in the oocytes is not affected in the
three mutants. Developing oocytes are indicated by arrowheads. In mid-stage egg chambers
(right panel, | through L"), mutant Me31B-GFP proteins of me31BV-%", me31BC’, and
me31BPF strains localize to the cortex and the germplasm area at the posterior of oocytes,
like the control. However, all three mutant Me31B proteins appear more diffused than the
aggregated Me31BWT-GFP proteins in the above areas. The germplasm areas are indicated
by arrowheads. Tral proteins (Red channel) remain localized to the cortex and germplasm
area in the three mutants. Tral enrichment in the posterior, germ plasm area (over the cortex
area) in the me31BN", me31BC-€", and me31BPF oocytes appeared less than that in

the me31BWT control, and follow-up quantifications showed that only the enrichment in
me31BN-r was significantly decreased (Supplementary Figure 6). For better visualization,
the green fluorescence signals of the Me31BN-®"-GFP and Me31BC-"-GFP proteins were
tuned up relative to other images because of the lower expression levels of the proteins.
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Figure 8. Summary of the Me31B motif functions.
This study uses a target-motif-mutation approach to investigate the functionally important

domains/motifs of Drosophila Me31B. Our characterization of the me31B8 mutants revealed
Me31B helicase activity’s role in female fertility, oogenesis, and embryo patterning
(DVLARARK, DEAD-box, and HRIGR motifs). An in-depth analysis of the DVLARAK
motif mutation uncovered its function in maintaining 70s mRNA localization and the
transcript level of nosand osk mRNA levels. We further showed the Me31B N-terminal
motif, C-terminal motif, and FDF-binding motif’s role in female fertility and their different
functions in maintaining Me31B protein level and subcellular localization. Effect strengths
are indicated with different arrow lines (mild effects by dashed lines, mid-level effects by
thin lines, and strong effects by thick lines).
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