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Abstract
During oogenesis in Drosophila, mRNAs encoding determinants required for the polarization of egg and embryo become localized in the
oocyte in a spatially restricted manner. The TGF-alpha like signaling molecule Gurken has a central role in the polarization of both body axes and
the corresponding mRNA displays a unique localization pattern, accumulating initially at the posterior and later at the anterior-dorsal of the
oocyte. Correct localization of gurken RNA requires a number of cis-acting sequence elements, a complex of trans-acting proteins, of which only
several have been identified, and the motor proteins Dynein and Kinesin, traveling along polarized microtubules. Here we report that the
cytoplasmic Dynein-light-chain (DDLC1) which is the cargo-binding subunit of the Dynein motor protein, directly bound with high specificity
and affinity to a 230-nucleotide region within the 3′UTR of gurken, making it the first Drosophila mRNA-cargo to directly bind to the DLC.
Although DDLC1 lacks known RNA-binding motifs, comparison to double-stranded RNA-binding proteins suggested structural resemblance.
Phenotypic analysis of ddlc1 mutants supports a role for DDLC1 in gurken RNA localization and anchoring as well as in correct positioning of
the oocyte nucleus.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
mRNA localization plays a major role in spatially targeting
the expression of specific proteins to subcellular locations, a
process essential for the polarization and proper function of
many cell-types (reviewed in [1–3]). In Drosophila several
classes of transcripts encoding proteins that are required for the
establishment of axial polarity, germ cell formation and early
embryonic patterning become spatially restricted in the egg
during oogenesis (reviewed in [3,4].
The Drosophila ovary consists of a number of ovarioles,
each containing a chronologically ordered series of egg
chambers which develop into mature eggs during oogenesis.
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Each egg chamber is composed of a germline cyst of a single
oocyte and fifteen nurse cells (NCs), which is surrounded by a
somatic epithelial cell layer (follicle cells) (oogenesis is
reviewed in [5]). Egg polarization depends on cell–cell
communication between germline and soma [6] via the
germline specific TGF-α signaling protein Gurken (GRK) and
the EGF receptor (Egfr) on the follicle cells [7,8]. Restricted
spatial expression of the GRK ligand in the oocyte, which is
essential for correct patterning, is achieved by strictly localizing
the mRNA within the oocyte [9]. In early oogenesis grk RNA is
localized to the posterior of the oocyte where GRK instructs
cells to adopt a posterior cell fate [7,8], while in mid-oogenesis
grk becomes localized to the anterior-dorsal (AD) cortex, where
the protein induces dorsal follicle cells fates [9,10]. This
localization pattern is unique to gurken, whereas all other
mRNAs localized in the oocyte are targeted either to the anterior
(including bicoid and fs(1)K10) or to the posterior pole
(including oskar and nanos) (Reviewed in [3,4])
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Localized mRNAs contain cis-acting localization signals
that reside primarily within their 3′-untranslated regions
(UTRs). The secondary structures of these elements (rather
than their primary sequences) are recognition sites for specific
trans-acting factors required for localization (Reviewed in
[4,11]). grk mRNA localization was shown to depend on
sequences that map to the 5′UTR, 3′UTR and to the protein
coding region [12,13]. Several trans-acting factors are specifically required for the localization of grk to the AD in mid stages
of oogenesis. These include the nuclear-cytoplasmic shuttling
RNA binding proteins (RBPs) Squid (SQD) [14] and HRB27C/
HRP48 which interact with each other and bind to the 3′UTR of
grk [15,16], the SQD-binding nuclear protein FS(1)K10 [17],
Ovarian tumor (OTU) protein [16] and the splicing factor Half
pint (HFP) which regulates grk and otu splicing [18]. Mutations
in the genes encoding any of these proteins interfere specifically
with grk mRNA localization to the AD, leading to the
accumulation of grk at the anterior margin (oocyte and NCs
boundary) where it is inappropriately translated, inducing
ectopic dorsal fates. Interestingly, all of these trans-acting
proteins appear to function in translational repression of
unlocalized grk RNA [15,16,18,19].
Studies in a number of systems revealed that mRNAs are
trafficked in large RNA-protein (RNP) complexes which may
include proteins required for regulating stability, transport and
translation of the associated RNAs (Reviewed in [20–22]).
Directional trafficking of these RNP complexes requires an
intact polarized actin or microtubule (MT) cytoskeleton and
motor proteins of the Myosin, Dynein and Kinesin families
(Reviewed in [23]). In Drosophila, localization to the anterior
of bicoid (bcd) and grk (briefly localized to the anterior) and the
re-positioning of the oocyte nucleus (ON) from posterior to
anterior (in mid-oogenesis) requires MTs, the Dynein motor (for
transport) and Kinesin (for recycling Dynein) [24–26]. Live
imaging of grk mRNA localization suggests that it localizes in
two steps; first moving from posterior to anterior and then
turning towards the ON positioned at the AD [27]. Given the
distribution of MT minus ends in the oocyte, it was further
proposed that MTs emanating from the asymmetrically positioned ON may present a distinct subpopulation that would
differentially promote the second step of grk transport towards
the AD [27].
Cytoplasmic Dynein is a multi-subunit, minus end-directed
molecular motor that consists of two MT-binding Dynein heavy
chains (DHCs) with ATPase and motor activities, several
Dynein intermediate chains (DIC), a group of light intermediate
chains and several light chains (DLCs) [28]. The smallest
Dynein light chain (DLC) of 8 KD (real MW-10 KD) (termed
LC8 in vertebrates and DDLC1 in Drosophila) is highly
conserved from chlamydomonas to man [29]. It is present in
two copies in each Dynein complex and attaches itself to the
motor via binding to the intermediate chains [30]. LC8 binds to
a versatile collection of proteins involved in diverse biological
processes (see Table 1 and references in [28,30] which led to the
proposal that LC8 may be involved in targeting the Dynein
motor complex to various cargoes ([28,31] and references
within). In Drosophila, DDLC1 binds to Swallow (SWA), an
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Table 1
ddlc1 alleles
Allele
ins1

ddlc1
ddlc1exc39
ddlc1DIIA82

Nature a

% expression a

Viability

Egg laying

p-insertion
p-excision
p-excision

30
50
20

Viable
Viable
Lethal

No
Few-ventralized
NA

Expression-Refers to ddlc1 RNA levels relative to 100% expression in the wt.
[35,45]. Expression, viability and egg-laying were tested for flies homozygous
for the indicated alleles. NA—not applicable.
a
These data were taken from previous publications [35,45].

RBP involved in bcd mRNA localization [32], to Egalitarian
(EGL) which is required for oocyte specification [33] and to
Spindle-F (SPN-F) which colocalizes with MT minus-ends and
may function in MT organization [34].
Here we report that DDLC1 was picked up in a screen
designed to identify proteins that directly bound to the 3′UTR of
grk mRNA. UV cross-linking and RNA competition analysis
indicated that a DDLC1-GST fusion protein specifically bound
to grk with high specificity and affinity but did not bind to
anteriorly localized fs(1)K10 or posteriorly localized osk
transcripts, suggesting that grk RNA may be a direct target of
DDLC1. Examining RNA localization in hypomorphic ddlc1
mutants revealed that grk localization to the AD and its
anchoring were compromised, as was the anterior positioning of
the ON, implicating DDLC1 in all these processes.
2. Materials and methods
2.1. Fly stocks
OreR flies were used as wt. ddlc1 mutants (ddlc1ins1, ddlc1exc39, ddlc1DIIA82)
were obtained from Krishanu Ray [35].

2.2. Molecular methods
2.2.1. Probe synthesis
32
P-labeled RNA probes and unlabeled RNA for competition assays were
synthesized as in the ‘Riboprobe In Vitro Transcription Systems’ protocol
(Promega). Synthesis continued for 2 h at 37 °C, followed by 30 min of
incubation with RQ1 RNase-free DNase (Promega). Reaction was stopped by
adding EDTA (4 mM) and incubating at 65 °C for 10 min. Unincorporated
nucleotides were removed on a 1-ml Sephadex G-50 (Amersham Biosciences)
spin column. Typical yield was 0.5–2 × 109 cpm/μg (∼ 4.5 ± 107 cpm/nmol) of
RNA. Integrity of the probe and unlabeled RNA competitors was confirmed by
gel electrophoresis.
2.2.2. RNA ligand-binding screen
An ovarian cDNA expression library (originally from Peter Tolias) in
λgt22A was plated, induced to express proteins, blotted to nylon filters and
probed for RNA binding as previously described [36]. A total of 3 × 105 PFUs
were probed with a non-denatured (native) 32P-labeled sense-strand probe
representing the full length grk-3′UTR (500 bases). Clones, positive after three
rounds of re-screening, were amplified by PCR and sequenced.
2.2.3. DDLC1-GST fusion proteins
Full length ddlc1 cDNA amplified with 5′ primer acccgggaaacagccaaaatgtctgatcg and 3′ primer tggttgttgctgtttctgct was cloned into pGEM-T (Promega),
excised with SmaI–EcoRI, introduced into the SmaI and EcoRI sites of pGEX1
expression vector (Pharmacia Biotech) (frame was verified by sequencing) and
transformed into Escherichia coli BL21 (Invitrogen). To induce expression of
DDLC1-GST and SQD-GST (obtained from Trudi Schüpbach; [15]), 0.1 mM of
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Fig. 1. DDLC1 specifically binds to a 230-nucleotide region within grk 3′UTR. (A) Regions in the 3′UTR of grk, that were used as probe (grk1) and as RNA
competitors (grk-2, grk-3, grk-4) in the grk/DDLC1 binding experiments. Gray bar (above grk1) indicates region proposed to bind to SQD protein [15]. (B) SQD-GST
and DDLC1-GST fusion proteins and GST protein, shown in the left panel, were UV cross-linked to radiolabeled grk1 probe. Both SQD-GST and DDLC1-GST
fusions bound to grk-1 probe, while GDT alone did not bind (right panel). (C–F). RNA binding competition assays. (C) Binding of SQD-GST to radiolabeled grk-1 in
the absence (−) or increasing amounts of grk-1 RNA competitor (lanes 3–5: x25, x50, x150 cold RNA molar excess). (D–F) Binding of DDLC1-GST to radiolabeled
grk-1 in the absence (−) or increasing amounts of cold grk-1 RNA (D lanes 2-4 and E lanes 1–3: x25, x50, x150 RNA excess; F lanes 1, 2: x50, x150), grk-2 (D lanes
5, 6: x25, x50), grk-3 (D lanes 7, 8: x50, x150), grk-4 (D lanes 9, 10: x50, x150), full length fs(1)K10 3′UTR (900 nucleotides) (E lanes 4–6: x25, x50, x150) and full
length osk RNA (3Kb) (F lanes 4, 5: x50, x150). In D–F, the band marked by the arrowhead is the only band expected for dynein-GST fusion protein. The nature of the
slower migrating band that appears sometimes above the dynein-GST is not completely clear.

IPTG was added to cells grown for 2 h at 37 °C under no selection conditions (no
antibiotic). Following another 3–4 h incubation, cells harvested by centrifugation were lysed by freeze–thawing in MTPBS (150 mM NaCl, 16 mM
Na2HPO4, 4 mM NaH2PO4) after which 0.5% of Lysozyme, protease inhibitor
cocktail and 0.9% of Triton-X were added. GST fusions were purified by
incubating the supernatants with glutathione-coated agarose beads (Sigma).
Evaluation of integrity and quantification of fusion proteins was done by PAGE
and Coomassie staining, using known BSA standards.
2.2.4. UV cross-linking and RNA-binding competition assays
2 × 105 cpm. radiolabeled RNA probe and 25 ng (0.68 pmol) of GSTDDLC1 fusion protein were used in RNA binding and competition assays. UV
cross-linking was performed as in [37]. For competition assays, unlabeled
competitor RNA at increasing molar excess was pre-incubated with the protein
samples for 10 min prior to adding the radiolabeled probe. Following UV crosslinking, unbound RNA was digested and protein–RNA complexes fractionated
by SDS-PAGE and analyzed by PhosphorImager.
2.2.5. Gel shift assay
Determination of the equilibrium binding dissociation constants (Kd) for
GST-DDLC1—grk 3′UTR was performed as described [37]. Briefly, serially
diluted GST-DDLC1 protein samples were preincubated for 10 min at RT in
5 μl of 3 mM MgCl2 supplemented with 5 units of RNasin (Promega). The
samples supplemented with 8 μg of yeast tRNA (Sigma) were then added to

the radiolabeled RNA probe (10,000 cpm) in a final volume of 15 μl. After
15 min of equilibration at room temperature, 2 μl of loading buffer (0.25 μg/
μl xylene cyanol, 0.25 μg/μl bromphenol blue, and 6% (v/v) glycerol) were
added and the samples were loaded onto a native 5% polyacrylamide gel in
1X TBE (89 mM Tris, 89 mM boric acid, and 2 mM EDTA, pH 8) and run at
25 mA for 2–3 h. Gels were exposed to a PhosphorImager and radioactivity
associated with protein complexes was quantified using ImageJ program
(available online from the NIH; http://rsb.info.nih.gov/ij/). The Kd value was
determined from best fit of the data to the single-site binding curve defined
by the equation; Fraction of RNA Bound = (maximum RNA bound × [protein]) / (Kd + [protein]). The Kd was assumed to be equal to the protein
concentration that gave 50% binding.

2.3. In situ hybridization, immunohistochemistry and imaging
In situ hybridization was as in [38]. Antisense digoxigenin-labeled RNA
probes were prepared with a kit from Boehringer Manheim. Antibody staining
of ovaries was performed as previously described, using a primary anti GRK
antibody made in rat [19] (1:3000) and secondary Cy3-conjugated anti rat
(1:1000; Jackson ImmunoResearch Laboratories). Micrographs were taken with
a Spot RT-slider digital camera on a Leica DMR microscope. Confocal images
were generated on a Zeiss LSM510 inverted confocal microscope. Pictures were
minimally manipulated using Photoshop.
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3. Results and discussion
3.1. A screen for grk-3′UTR-binding proteins.
Screening an ovarian cDNA library (in phages) for proteins
that could bind to radiolabeled 3′UTR of grk mRNA, we have
picked up a number of different candidate proteins. One of them
corresponded to SQD protein which was previously shown to
bind to the 3′UTR of grk [15], indicating that our screen could
identify relevant grk-3′UTR interacting proteins. Another positive clone encoded Drosophila cytoplasmic DLC (DDLC1), the
focus of this manuscript.
3.2. DDLC1 specifically binds to the 3′UTR of grk and may
structurally resemble RNA binding domains found in dsRBPs
Binding of DDLC1 to grk 3′UTR was confirmed by UV
cross-linking experiments demonstrating that a GST-DDLC1
fusion protein directly bound to a full length radiolabeled grk 3′
UTR probe (grk-1) (Fig. 1A, B, D–F). Similar binding was
observed with the SQD-GST fusion protein and grk-3′UTR
(Fig. 1B, C). In both cases, interaction was abolished upon
preincubation of the proteins with unlabeled competitor RNA
corresponding to full length grk 3′UTR (SQD; Fig. 1C,
DDLC1; Fig. 1D–F). Further competition assays with RNA
corresponding to smaller domains within the grk 3′UTR (Fig.
1A) revealed specific binding of DDLC1-GST to a 230nucleotide region (grk-2) (Fig. 1A, D) which only partially
overlaps with the mapped SQD binding domain (Fig. 1A, based
on [15]). When the 230 nucleotide region was split into two
smaller probes (grk 3 and grk 4), no binding to DDLC1-GST
was detected (Fig. 1A, D). Binding of DDLC1 to grk appeared
rather specific since neither posteriorly localized osk (whose
localization machinery shares some of the transacting factors
involved in grk localization such as SQD and HRB27C/HRP48:
[39,40], nor anteriorly localized fs(1)K10 interacted with
DDLC1-GST, as indicated by their inability to compete for
binding to the protein (Fig. 1E, F). Likewise, neither of the
additional competitors tested, including osk antisense RNA and
a nonsense transcript of 100 nucleotides generated for a region
in the pBluScript vector, were able to compete with grk for
binding to DDLC1-GST (not shown). In addition to the high
binding specificity of DDLC1-GST to grk 3′UTR, the protein
exhibited high affinity for the RNA, with an apparent Kd of
∼ 5.5 nM as calculated from the gel shift assay (Fig. 2).
Collectively, the results presented suggested that DDLC1 may
function as an RBP with high specificity and affinity for a 230nucleotide region with the grk 3′UTR. Notably, LC8 (the
mammalian homolog of DDLC1) was previously shown to bind
to the 3′UTR of the parathyroid hormone (PTH) mRNA and
was suggested to function in the co-localization of this mRNA
with MTs [41]. Along these lines, it is possible that direct
binding of DDLC1 to the grk RNA may be sufficient to recruit
the grk cargo to the Dynein motor complex without the need for
an additional adaptor RBP. The fact that grk is only the second
mRNA ever proposed to directly bind to DLC would suggest,
however, that direct binding of RNA to DLC may not present a

Fig. 2. Gel mobility shift Assay. Serially diluted GST-DDLC1 protein samples
(final concentration 4–300 nM) were allowed to bind to the 230-nucleotide grk
3′UTR (grk-2) radiolabeled RNA probe (10,000 cpm). Following a 15-min
equilibration period and gel electrophoresis, the relative amount of bound
radioactivity was determined and plotted (diamonds) against the protein
concentration. The dissociation constant (Kd) was calculated from best fit of
the data to the single-site binding curve and was assumed to be equal to the
protein concentration that gave 50% binding.

general mechanism for linking RNA cargos to the Dynein
motor.
Since there are no known RNA binding motifs in DDLC1,
its binding to RNA was quite unexpected. Recently, the NMR
structure of DDLC1 was determined [42] and the protein was
classified as an α-β 2-layer sandwich protein (SCOP: Structural Classification of Proteins; http://scop.mrc-lmb.cam.ac.uk/
scop/). Many proteins of this class are RBPs including
ribosomal proteins and double stranded RBPs (dsRBPs).
Comparing the 3D structure of a full length pH-induced
monomer of DDLC1 (1RHW in PDP: Protein Database Bank)
(Fig. 3A) to those of dsRBPs, represented here by dsRNA
binding domain III of Drosophila Staufen (STAU) (1STU in
PDB) (Fig. 3B), suggested some structural resemblance. Both
proteins have two α-helices segregated from a domain of
several β-sheets. Moreover, a loop in DDLC1 which includes
Lys-48 and Lys-49 (Fig. 3A) may be analogous to a loop with
two lysine residues (Lys-50 and lys-51; Fig. 3B) of known
significance for RNA binding by STAU [43,44]. Further
experiments involving site directed mutagenesis of these
residues will be needed to test this prediction.
3.3. Mutations in ddlc1 interfere with grk mRNA localization
and anchoring and with positioning of the oocyte nucleus
To find out whether mutations in ddlc1 specifically affected
grk RNA localization, we examined the patterns of bcd, osk
and grk transcripts in egg chambers from ddlc1 mutants [35].
Three hypomorphic ddlc1 alleles were used; ddlc1ins1 (contains a
P-element inserted 40 bp upstream of the 2.4-kb transcript; [45],
ddlc1exc39 and ddlc1DIIA82 (both generated by imprecise excision
of the P-element) [35]. Expression of ddlc1 RNA was reported to
be ∼50%, 30% and 20% that of wild-type (wt) for ddlc1exc39,
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Fig. 3. Modeling of RNA binding by DDLC1. Some structural elements of
DDLC1 resemble those found in dsRBPs such as STAU. Both DDLC1 (full length
protein) (A) and the dsRNA binding domain III of STAU (B) have two α-helices
(cylinders) segregated from a domain of several β-sheets. Analogous loops with
two lysine residues of know significance for RNA binding by STAU are depicted.

ddlc1ins1 and ddlc1DIIA82, respectively [35], (Table 1). RNA
localization was examined in egg chambers from ddlc1exc39/
ddlc1ins1 trans-heterozygotes (weakest), ddlc1ins1 homozygotes
(intermediate) and ddlc1DIIA82/ ddlc1ins1 trans-heterozygotes
(most severe) allele combinations, all of which laid no eggs. In
contrast to the strict AD localization of grk in wt, starting at stage
8 (Fig. 4A–C), in ∼42% of ddlc1exc39/ddlc1ins1, 33% of ddlc1ins1/
ddlc1ins1 and 20% of ddlc1DIIA82/ ddlc1ins1 egg chambers, grk
RNAwas mislocalized to the anterior margin (Table 2, Fig. 4E, F),
suggesting that normal levels of DDLC1 may be essential for
efficient execution of the second step of grk RNA localization,
namely, transport to the AD of the oocyte. The mislocalized RNA
was apparently not translated, as no GRK protein could be
detected at the anterior (data not shown), indicating that translational regulation of the grk transcript was intact in the ddlc1
mutants. This is contrary to the situation in sqd and fs(1)K10
mutants, where grk mRNA mislocalized to the anterior is
efficiently translated, inducing dorsalization. Intriguingly, the
accumulation of grk, bcd and osk transcripts in the oocyte and

Fig. 4. Mutations in ddlc1 interfere with grk RNA localization and anchoring and with positioning of the oocyte nucleus. grk RNA (A–C, E–K) and GRK protein (D,
L–N) localization patterns in wt (A–D) and ddlc1 mutants (E–N). In wt egg chambers grk RNA is tightly localized to the AD (A–C), whereas in a fraction of ddlc1
mutant chambers grk resides at the anterior margin (E, F), or displays a diffused pattern around the anterior (G) or the ON (H, I, K). Additionally, contrary to wt (A–D),
in mutant chambers the ON may reside at various positions along the AP axis (I, J, L). GRK protein (red), in wt, tightly associates with the AD cortex and with the ON.
In the mutants association of GRK with the nucleus is lost while association with the cortex is still maintained (M, N). Inset in N shows an additional section of the
same oocyte closer to the surface. Nuclear membrane is stained for lamin (green). Egg chambers were from ddlc1exc39/ddlc1ins1 (E–H, M, N), ddlc1ins1/ddlc1ins1
(I, J, L) and ddlc1DIIA82/ ddlc1ins1 (K). Chambers are at early stage 9 (A and M), middle to late stage 9 (B, D, E, H–K, N), stage 10 (C, F, G) or stage 11 (L).
Anterior is to the left and dorsal is up in A–E, G–I and K–N. The black and white arrows in each panel indicate anterior margin. Yellow arrowheads indicate the
ON.
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Table 2
RNA and ON localization phenotypes associated with hypomorphic mutation in
ddlc1
Genotype

wt-S N 8

Anterior

Diffused

Defective
ON position

n

ddlc1exc39/ddlc1ins1
ddlc1ins1/ddlc1ins1
ddlc1DIIA82/ ddlc1ins1

36.7
46.8
55.4

42.2
32.6
19.6

21.1
20.6
25.0

3.1
6.4
7.1

128
126
56

The percentages of the following phenotypes are presented; wt-S N 8 — Stage
8 and older egg chambers with apparently wt grk RNA localization pattern,
Anterior—RNA residing at anterior, Diffused—RNA not tightly associated with
ON and/or cortex, Defective ON position—ON not positioned at the anterior
cortex, n — total number of eggs counted. The total may exceed 100% as chambers
displaying defective oocyte positioning, could have an additional phenotype.

the localization of bcd and grk to the anterior appeared quite
insensitive to the significant reduction in ddlc1 expression levels,
estimated to be ∼25–40% that of wt (data not shown). Thus, if
Dynein was required for transport of these mRNAs from the NCs
(were they are synthesizes) into the oocyte and for their
permanent (bcd) or transient (grk) anterior localization, as
previously suggested (reviewed in [3]), the levels needed must
be quite low. Alternatively, a different subunit of Dynein could be
involved in these transport and localization events. Two
additional Drosophila DLCs; Dtctex-1 and Roadblock involved
in sperm production [46] and axonal transport [47], respectively,
have been reported, however, there is no indication for their
involvement in oogenesis.
Close examination of grk RNA localization patterns revealed
that in a significant fraction of egg chambers from ddlc1
mutants (20–25%) (some with an apparently normal localization pattern), grk RNA was not as tightly localized as in wt and
appeared more diffused away from the anterior margin or from
the oocyte nucleus (Table 2, Fig. 4G, H, I, K). Such extensive
diffusion of grk RNA has not been observed with any other
mutation that causes mislocalization of grk RNA to the anterior
margin. In the case of sqd, fs(1)K10, vasa and kinesin heavy
chain (Khc) mutants, for instance, mislocalized grk RNA was
confined to the anterior [9,25,48]. This ddlc1 specific
phenotype raises the possibility that ddlc1 may function in
tethering grk RNA to the cortex and maybe also to the oocyte
nucleus. Support for such a notion is offered by a previous
observation indicating that disruption of the Dynein–Dynactin
complex in egg chambers with already localized grk mRNA,
resulted in the loss of grk [25]. Additionally, recent work
suggests that Dynein may function in the apical anchoring of
pair-rule transcripts in the Drosophila embryo [49]. Intriguingly, unlike in wt, where GRK protein was tightly associated
with both the cortex and the ON (Fig. 4D), in some of the
mutant chambers GRK appeared to be association only with the
cortex but mot with the nucleus (Fig. 4M, N). An interesting
possibility that could arise from this observation would be that
cortical anchoring of the grk RNA may be essential for
alleviating translational repression and initiating translation,
whereas association of grk with the ON may not be crucial for
this process. Further work will be required to address this
issue.
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In addition to the RNA localization defects observed with the
ddlc1 mutants, incorrect positioning of the ON was apparent.
Unlike in wt where the ON becomes anchored at the AD starting
at mid-oogenesis, in a fraction of egg chambers from ddlc1
mutants (3–7%) the ON resided at various positions along the
AP axis (Table 2, Fig. 4I, J, L). Thus, DDLC1 may play a role in
the localization and/or anchoring of the ON which is in accordance with previous data demonstrating that the positioning of
the ON depended on MT integrity [50] and on a functional
Dynein–dynactin complex [25,26]. Similar observations were
reported also for nuclear positioning in other systems
(Reviewed in [51]). Although the direct interaction of grk
RNA and DDLC1 supports a role for DDLC1 in the germline,
we could not rule out the possibility that function of DDLC1 in
the soma may also have some (indirect) effect on localization
and nuclear positioning.
How could DDLC1 participate both in transport and in
anchoring? Recent data support the idea that under certain
conditions Dynein, Kinesin-like proteins and Myosins may
function as static anchors [49,52,53]. Recently, studies with
Drosophila embryos have suggested that apical anchoring of
pair-rule transcripts may involve Dynein as a static anchor that
was independent of its motor activity [49]. In other systems,
actin-associated-motor-proteins of the unconventional Myosin
family could, under certain conditions, anchor to actin
(Myosin-VI) [53,54], or function in coupling actin to MTs
(Myosin-V and Myosin-X) [55,56]. For example, disrupting
the function of Myosin-X was shown to interfere with nuclear
anchoring in Xenopus [56]. Noteworthy, both Myosin-Va and
Myosin-X directly bind to LC8 [57,58]. It would have been
tempting then to speculate that both the ON and grk RNA
could anchor to the cortex via association of DDLC1 with
members of the unconventional Myosins. Nevertheless, in
contrast to the obvious role for the actin cytoskeleton in osk
RNA anchoring [59], involvement of actin in grk mRNA and/
or ON anchoring has never been demonstrated. Our results
would still support a role for DLC1 in grk RNA anchoring
and ON positioning, but the exact mechanisms involved are
currently elusive.
In conclusion, whereas the importance of the dynein motor
complex in grk mRNA localization has previously been
demonstrated in a number of studies [25,26], our observations suggest, for the first time, a specific requirement for the
DLC subunit in the process. Particularly, the results demonstrated that DDLC1 may directly bind to grk RNA and
suggested a role for DDLC1 in the differential transport of
grk to the AD. Our observations also raised the possibility
that DDLC1 may be required for the anchoring of grk RNA
to the cortex and to the ON, as well as for correct positioning
of the ON.
Acknowledgments
We thank Dr. Krishanu Ray for the DDLC1 fly stocks,
Prof. Trudi Schüpbach for the SQD-GST chimeric construct and
Prof. Dudy Bar-Zvi for generously letting us perform the
radioactive assays in his lab.

1532

I. Rom et al. / Biochimica et Biophysica Acta 1773 (2007) 1526–1533

References
[1] M. Kloc, N.R. Zearfoss, L.D. Etkin, Mechanisms of subcellular mRNA
localization, Cell 108 (2002) 533–544.
[2] Y. Shav-Tal, R.H. Singer, RNA localization, J. Cell Sci. 118 (2005)
4077–4081.
[3] D. St. Johnston, Moving messages: the intracellular localization of
mRNAs, Nat. Rev. 6 (2005) 363–375.
[4] P. Lasko, RNA sorting in Drosophila oocytes and embryos, FASEB J. 13
(1999) 421–433.
[5] A. Spradling, Developmental genetics of oogenesis, in: B.M. MartinezArias (Ed.), 1st ed., The Development of Drosophila melanogaster, vol. 1,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 1993,
pp. 1–70.
[6] T. Schüpbach, Germ line and soma cooperate during oogenesis to establish
the dorsoventral pattern of egg shell and embryo in Drosophila
melanogaster, Cell 49 (1987) 699–707.
[7] A. González-Reyes, H. Elliott, D. St. Johnston, Polarization of both major
body axes in Drosophila by gurken-torpedo signaling, Nature 375 (1995)
654–658.
[8] S. Roth, F.S. Neuman-Silberberg, G. Barcelo, T. Schüpbach, Cornichon
and the EGF receptor signaling process are necessary for both anterior–
posterior and dorsal–ventral pattern formation in Drosophila, Cell 81
(1995) 967–978.
[9] F.S. Neuman-Silberberg, T. Schüpbach, The Drosophila dorsoventral
patterning gene gurken produces a dorsally localized RNA and encodes a
TGF alpha-like protein, Cell 75 (1993) 165–174.
[10] C. Van Buskirk, T. Schüpbach, Versatility in signalling: multiple responses
to EGF receptor activation during Drosophila oogenesis, Trends Cell Biol.
9 (1999) 1–4.
[11] K.L. Mowry, RNA sorting in Xenopus oocytes and embryos, FASEB J. 13
(1999) 435–445.
[12]G L. Thio, R.P. Ray, G. Barcelo, T. Schüpbach, Localization of gurken RNA
in Drosophila oogenesis requires elements in the 5′ and 3′ regions of the
transcript, Dev. Biol. 221 (2000) 435–446.
[13] V. Van De Bor, E. Hartswood, C. Jones, D. Finnegan, I. Davis, gurken and
the I factor retrotransposon RNAs share common localization signals and
machinery, Dev. Cell 9 (2005) 51–62.
[14] R.L. Kelley, Initial organization of the Drosophila dorsoventral axis
depends on an RNA-binding protein encoded by the squid gene, Genes
Dev. 7 (1993) 948–960.
[15] A. Norvell, R.L. Kelley, K. Wehr, T. Schüpbach, Specific isoforms of
squid, a Drosophila hnRNP, perform distinct roles in Gurken localization
during oogenesis, Genes Dev. 13 (1999) 864–876.
[16] J.S Goodrich, K.N. Clouse, T. Schüpbach, Hrb27C, Sqd and Otu
cooperatively regulate gurken RNA localization and mediate nurse cell
chromosome dispersion in Drosophila oogenesis, Development 131
(2004) 1949–1958.
[17] H.K. Cheung, T.L. Serano, R.S. Cohen, Evidence for a highly selective
RNA transport system and its role in establishing the dorsoventral axis of
the Drosophila egg, Development 114 (1992) 653–661.
[18] C. Van Buskirk, T. Schüpbach, half pint Half pint regulates alternative
splice site selection in Drosophila, Dev. Cell 2 (2002) 343–353.
[19] F.S. Neuman-Silberberg, T. Schüpbach, The Drosophila TGF-alpha-like
protein Gurken: expression and cellular localization during Drosophila
oogenesis, Mech. Dev. 59 (1996) 105–113.
[20] G. Dreyfuss, V.N. Kim, N. Kataoka, Messenger-RNA-binding proteins and
the messages they carry, Nat. Rev., Mol. Cell Biol. 3 (2002) 195–205.
[21] F. Agnes, M. Perron, RNA-binding proteins and neural development: a
matter of targets and complexes, NeuroReport 15 (2004) 2567–2570.
[22] V. Van De Bor, I. Davis, mRNA localisation gets more complex, Curr.
Opin. Cell Biol. 16 (2004) 300–307.
[23] H. Tekotteand, I. Davis, Intracellular mRNA localization: motors move
messages, Trends Genet. 18 (2002) 636–642.
[24] R.P. Brendza, L.R Serbus, W.M. Saxton, J.B. Duffy, Posterior
localization of dynein and dorsal–ventral axis formation depend on
kinesin in Drosophila oocytes, Curr. Biol. 12 (2002) 1541–1545.
[25] J.E. Duncan, R. Warrior, The cytoplasmic dynein and kinesin motors have

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

interdependent roles in patterning the Drosophila oocyte, Curr. Biol. 12
(2002) 1982–1991.
J. Januschke, L. Gervais, S. Dass, J.A. Kaltschmidt, H. Lopez-Schier, D.
St. Johnston, A.H. Brand, S. Roth, A. Guichet, Polar transport in the
Drosophila oocyte requires dynein and kinesin I cooperation, Curr. Biol.
12 (2002) 1971–1981.
N. MacDougall, A. Clark, E. MacDougall, I. Davis, Drosophila gurken
(TGF-α) mRNA localizes as particles that move within the oocyte in two
dynein-dependent steps, Dev. Cell 4 (2003) 307–319.
R.B. Vallee, J.C. Williams, D. Varma, L.E. Barnhart, Dynein: an ancient
motor protein involved in multiple modes of transport, J. Neurobiol. 58
(2004) 189–200.
S.M. King, E. Barbarese, J.F. Dillman III, R.S. Patel-King, J.H. Carson,
K.K. Pfister, Brain cytoplasmic and flagellar outer arm dyneins share a highly
conserved Mr 8,000 light chain, J. Biol. Chem. 271 (1996) 19358–19366.
K.W.-H. Lo, S. Naisbitt, J.-S. Fan, M. Sheng, M. Zhang, The 8-kDa dynein
light chain binds to its targets via a conserved (K/R)XTQT motif, J. Biol.
Chem. 276 (2001) 14059–14066.
R.D. Vale, The molecular motor toolbox for intracellular transport, Cell
112 (2003) 467–480.
F. Schnorrer, K. Bohmann, C. Nüsslein-Volhard, The molecular motor
dynein is involved in targeting swallow and bicoid RNA to the anterior
pole of Drosophila oocytes, Nat. Cell Biol. 2 (2000) 185–190.
C. Navarro, H. Puthalakath, J.M. Adams, A. Strasser, R. Lehmann,
Egalitarian binds dynein light chain to establish oocyte polarity and
maintain oocyte fate, Nat. Cell Biol. 6 (2004) 427–435.
U. Abdu, D. Bar, T. Schüpbach, spn-F encodes a novel protein that affects
oocyte patterning and bristle morphology in Drosophila, Development
133 (2006) 1477–1484.
V.A. Ghosh-Roy, M. Kulkarni, V. Kumar, S. Shirolikar, K. Ray,
Cytoplasmic dynein–dynactin complex is required for spermatid growth
but not axoneme assembly in Drosophila, Mol. Biol. Cell 15 (2004)
2470–2483.
R. Sagesser, E. Martinez, M. Tsagris, M. Tabler, Detection and isolation of
RNA-binding proteins by RNA–ligand screening of a cDNA expression
library, Nucleic Acids Res. 25 (1997) 816–822.
I. Yosef, V. Irihimovitch, J.A. Knopf, I. Cohen, I. Orr-Dahan, E. Nahum, C.
Keasar, M. Shapira, RNA binding activity of the ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit from Chlamydomonas reinhardtii,
J. Biol. Chem. 279 (2004) 10148–10156.
D. Tautz, C. Pfeifle, A non-radioactive in situ hybridization method for the
localization of specific RNAs in Drosophila embryos reveals translational
control of the segmentation gene hunchback, Chromosoma 98 (1989)
81–85.
A. Norvell, A. Debec, D. Finch, L. Gibson, B. Thoma, Squid is required
for efficient posterior localization of oskar mRNA during Drosophila
oogenesis, Dev. Genes Evol. 215 (2005) 340–349.
T. Yano, S. López de Quinto, Y. Matsui, A. Shevchenko, A. Shevchenko,
A. Ephrussi, Hrp48, a Drosophila hnRNPA/B homolog, binds and
regulates translation of oskar mRNA, Dev. Cell 6 (2004) 637–648.
E. Epstein, A. Sela-Brown, I. Ringe, R. Kilav, S.M. King, S.E. Benashski,
J.K. Yisraeli, J. Silver, T. Naveh-Many, Dynein light chain binding to a
3′-untranslated sequence mediates parathyroid hormone mRNA association with microtubules, J. Clin. Invest. 105 (2000) 505–512.
M. Makokha, Y.J. Huang, G. Montelione, A.S. Edison, E. Barbar, The
solution structure of the pH-induced monomer of dynein light-chain LC8
from Drosophila, Protein Sci. 13 (2004) 727–734.
M. Bycroft, S. Grunert, A.G. Murzin, M. Proctor, D. St. Johnston, NMR
solution structure of a dsRNA binding domain from Drosophila staufen
protein reveals homology to the N-terminal domain of ribosomal protein
S5, EMBO J. 14 (1995) 563–3571.
A. Ramos, S. Grünert, J. Adams, D.R. Micklem, M.R. Proctor, S.
Freund, M. Bycroft, D. St. Johnston, G. Varani, RNA recognition by a
Staufen double-stranded RNA-binding domain, EMBO J. 19 (2000)
997–1009.
T. Dick, K. Ray, H.K. Salz, W. Chia, Cytoplasmic dynein (ddlc1)
mutations cause morphogenetic defects and apoptotic cell death in Drosophila melanogaster, Mol. Cell Biol. 16 (1966) 1966–1977.

I. Rom et al. / Biochimica et Biophysica Acta 1773 (2007) 1526–1533
[46] C. Caggese, R. Moschetti, G. Ragone, P. Barsanti, R. Caizzi, dtctex-1, the
Drosophila melanogaster homolog of a putative murine t-complex
distorter encoding a Dynein light chain, is required for production of
functional sperm, Mol. Genet. Genomics 265 (2001) 436–444.
[47] A.B Bowman, R.S. Patel-King, S.E. Benashski, J.M. McCaffery, L.S.B.
Goldstein, S.M King, Drosophila roadblock and Chlamydomonas LC7:
a conserved family of dynein-associated proteins involved in axonal
transport, flagellar motility, and mitosis, J. Cell Biol. 146 (1999)
165–180.
[48] P. Tomancak, A. Guichet, P. Zavorszky, A. Ephrussi, Oocyte polarity
depends on regulation of gurken by Vasa, Development 125 (1998)
1723–1732.
[49] R. Delanoue, I. Davis, Dynein anchors its mRNA cargo after apical
transport in the Drosophila blastoderm embryo, Cell 122 (2005) 97–106.
[50] E. Koch, R. Spitzer, Multiple effects of colchicine on oogenesis in
Drosophila; induced sterility and switch of potential oocyte to nursecell developmental pathway, Cell Tissue Res. 228 (1983) 21–32.
[51] N.R. Morris, Nuclear positioning: the means is at the ends, Curr. Opin. Cell
Biol. 15 (2003) 54–59.
[52] P.S. Maddox, J.K. Stemple, L. Satterwhite, E.D. Salmon, K. Bloom, The
minus end-directed motor Kar3 is required for coupling dynamic

[53]
[54]
[55]

[56]

[57]

[58]

[59]

1533

microtubule plus ends to the cortical shmoo tip in budding yeast, Curr.
Biol. 13 (2003) 1423–1428.
K.G. Miller, Converting a motor to an anchor, Cell 116 (2004) 635–636.
D. Altman, H.L. Sweeney, J.A. Spudich, The mechanism of myosin VI
translocation and its load-induced anchoring, Cell 116 (2004) 737–749.
T.T. Cao, W. Chang, S.E. Masters, M.S. Mooseker, Myosin-Va binds to
and mechanochemically couples microtubules to actin filaments, Mol.
Biol. Cell 15 (2004) 151–161.
K.L. Weber, A.M. Sokac, J.S. Berg, R.E. Cheney, W.M. Bement, A
microtubule-binding myosin required for nuclear anchoring and spindle
assembly, Nature 431 (2004) 325–329.
F.S. Espindola, D.M. Suter, L.B. Partata, T. Cao, J.S. Wolenski, R.E.
Cheney, S.M. King, M.S. Mooseker, The light chain composition of
chicken brain myosin-Va: calmodulin, myosin-II essential light chains, and
8-kDa dynein light chain/PIN, Cell Motil. Cytoskelet. 47 (2000) 269–281.
I. Navarro-Lérida, M. Martínez Moreno, F. Roncal, F. Gavilanes, J.P.
Albar, I. Rodríguez-Crespo, Proteomic identification of brain proteins that
interact with dynein light chain LC8, Proteomics 4 (2004) 339–346.
F. Jankovics, R. Sinka, T. Lukácsovich, M. Erdélyi, MOESIN crosslinks
actin and cell membrane in Drosophila oocytes and is required for
OSKAR anchoring, Cur. Biol. 12 (2002) 2060–2065.

