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Introduction

The eukaryotic cell is compartmentalized into microscopic 
granules where specific RNA–protein biochemical reactions 
are concentrated and localized. By electron microscopy, these 
granules appear as compact granulo-fibrillar aggregates with 
no surrounding membrane. One of the central mysteries about 
these organelles is how they are established and how their mo-
lecular components are shuttled in and out with specificity and 
integrity. Although many RNP organelles such as the nucleolus 
are found in virtually all cells, some specialized cells contain 
RNP organelles with unique structures and functions. One such 
organelle is called the nuage granule, which is found in the cy-
toplasm of developing germ cells (Eddy, 1974). Nuage (mean-
ing cloud) granules are closely juxtaposed to the cytoplasmic 
face of nuclear pores, where they receive sense and antisense 
RNA transcribed from active transposable elements (TEs) 
within the nucleus (Zhang et al., 2012). TEs are capable of rep-
licating and moving within genomes, which can lead to herita-
ble mutations and expansion in TE number. Germ cells elicit a 
molecular mechanism to silence expression of TE genes and 
suppress their transposition. Nuage granules are sites of active 
TE silencing and suppression (Voronina et al., 2011), and they 
have substantial lifetimes when associated with the nuclear en-
velope, although individual components within them are highly 
dynamic (Snee and Macdonald, 2004).

The PIWI family of proteins and PIWI-interacting 
RNAs (piRNAs) are critical for TE silencing (Aravin et al., 
2007; Ghildiyal and Zamore, 2009; Saito and Siomi, 2010).  

Aubergine (Aub) and Argonaute3 (Ago3) are two PIWI fam-
ily members in Drosophila melanogaster involved in germ-
line piRNA generation (Thomson and Lin, 2009; Khurana 
and Theurkauf, 2010). They do so by using an amplification 
loop known as the ping-pong cycle (Brennecke et al., 2007; 
Gunawardane et al., 2007). Aub is loaded with antisense piR-
NAs that guide Aub to sense-stranded mRNAs made from ac-
tive TEs. Subsequent cleavage of the mRNAs produces sense 
piRNAs, which load into Ago3. Ago3 is then guided to anti-
sense-stranded piRNA cluster transcripts, where it slices these 
to form antisense piRNAs. These novel piRNAs are loaded into 
Aub, and the cycle repeats itself. Because Aub and Ago3 pre-
sumably act as catalysts, their activities account for the majority 
of piRNAs present in the Drosophila germline (Li et al., 2009; 
Malone et al., 2009). The ping-pong signature is mainly con-
fined to Aub–Ago3 pairing, and Aub–Aub pairing to a lesser 
extent. In the absence of Ago3, Aub–Aub pairing prevails, al-
though total piRNA levels are drastically reduced (Li et al., 
2009). In the absence of Aub, the ping-pong signature is almost 
entirely lost (Li et al., 2009; Malone et al., 2009). Most proteins 
required for ping-pong amplification, including Aub and Ago3, 
are enriched in nuage granules (Voronina et al., 2011). Hence, 
nuage represent the cytoplasmic portion of a piRNA processing 
compartment that spans the nuclear envelope.

Genetic studies have identified many other factors in-
volved in the germline piRNA pathway (Siomi et al., 2011). 
However, molecular mechanistic details of their functions are 
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largely lacking. One exception is Vasa, a DEAD-box helicase 
protein. DEAD-box proteins use ATP to unwind short duplex 
RNA and remodel RNA–protein complexes, but they can also 
function as ATP-dependent RNA clamps to provide nucleation 
centers that establish larger RNA–protein complexes (Linder 
and Jankowsky, 2011). In the silkworm, handoff of sense-
stranded piRNA precursors from Aub to Ago3 is facilitated 
by Vasa (Xiol et al., 2014; Nishida et al., 2015). An ATPase- 
defective Vasa generates a futile Ago3–Aub–Vasa complex in 
which the RNA handoff fails (Xiol et al., 2014; Nishida et al., 
2015). Interestingly, all three proteins remain statically bound 
within nuage, unable to move to the cytosol, as though helicase 
activity is needed for exit of multiple proteins from nuage gran-
ules (Xiol et al., 2014). This suggests that complex disassembly 
leads to exit of disassembled subunits from the nuage.

A second DEAD-box helicase implicated in piRNA pro-
duction is Spindle-E (Spn-E). Spn-E is essential for Drosoph-
ila germline piRNA production and the ping-pong signature 
(Gillespie and Berg, 1995; Malone et al., 2009; Czech et al., 
2013). In silkworm, Spn-E associates with the Aub orthologue 
and is essential for processing of primary piRNAs, which ini-
tiate the ping-pong cycle of secondary piRNA production 
(Nishida et al., 2015). Spn-E is localized to nuage (Nishida 
et al., 2015) and is necessary for proper localization of Ago3 
and Aub into Drosophila nuage granules (Lim and Kai, 2007; 
Malone et al., 2009). However, its physical and dynamic rela-
tionships with nuage components are poorly understood. Here, 
we have studied the dynamics and associations of Spn-E in Dro-
sophila nuage granules. Spn-E associates with Aub and Ago3 
in protein–protein complexes, but no evidence of Vasa associ-
ation with Spn-E was found. We find that Spn-E and the Tudor 
domain protein Qin are mutually dependent for their exit from 
the nuage, whereas Spn-E and both Aub and Ago3 are mutu-
ally dependent for their entry or retention in nuage. Absence of 
Qin results in accumulation of Spn-E in nuage. We propose that 
Qin–Spn-E complexes disassociate from stable nuage scaffolds, 
whereas Aub–Spn-E and Ago3–Spn-E complexes are retained 
on such scaffolds. Exchange of Spn-E from one complex to 
another might be facilitated or passive, but the end result is a 
dynamic cycling of this RNA helicase.

Results

Qin, Ago3, and Aub physically interact 
with Spn-E
Spn-E plays a critical though mysterious role in piRNA biogen-
esis. The antibody reagents for Drosophila Spn-E are of variable 
quality, making its biochemical analysis limited. Therefore, we 
generated a GFP fusion to the N terminus of Spn-E by bacterial 
artificial chromosome recombineering (Venken et al., 2006). A 
recombineered interval of 8 kb of genomic DNA encompassing 
the modified spn-E gene was inserted into a [Pacman] vector 
and transformed into Drosophila (Fig. 1 A). The recombineered 
GFP::Spn-E gene was able to rescue the developmental defects 
associated with loss of the endogenous spn-E gene. This result 
argues that the transgene and its products contain most or all of 
the necessary functions of Spn-E.

We examined the localization of GFP::Spn-E within the 
developing ovary. Expression was detected in the germarium 
as early as the germ stem cells, and it persisted in egg cham-
bers through oogenesis (Fig. S1). As expected, GFP::Spn-E was  

restricted to the germline and found within both nurse cells and 
the oocyte (Fig. 1 B). It was localized to germ cell cytoplasm 
and, to a much lesser extent, the nucleus and was particularly 
enriched in perinuclear granules (Fig. 1 B). These most likely 
correspond to nuage granules. To confirm that GFP::Spn-E was 
enriched in nuage, we performed immunostaining of the Qin 
protein in GFP::Spn-E ovarioles because Qin is primarily found 
in nuage granules (Zhang et al., 2011; Anand and Kai, 2012). 
Indeed, Qin and GFP::Spn-E showed significant colocalization 
in these perinuclear bodies (Fig. 1 B).

GFP::Spn-E is enriched in nuage granules, where other 
piRNA pathway components reside. We wondered whether 
Spn-E formed protein complexes with these factors. Therefore, 
we immunoprecipitated GFP::Spn-E from ovary lysates and 
performed multidimensional protein identification technology 
(MUD​PIT) mass spectrometry to identify coimmunoprecipi-
tated proteins. As a control for specificity, we also performed 
immunoprecipitations with lysate from ovaries expressing GFP 
in the ovary. SDS-PAGE analysis of immunoprecipitated pro-
teins showed a number of proteins that specifically coimmuno-
precipitated with GFP::Spn-E but not GFP (Fig. S2). We then 
subjected the material to MUD​PIT mass spectrometry, which 
can identify many individual proteins from complex mixtures 
(Link et al., 1999). As expected, the most abundant signal 
detected in the GFP::Spn-E immunoprecipitate was Spn-E it-
self (Fig.  1  C). We also detected the PIWI protein Aub and, 
to a lesser extent, the other two PIWI-class proteins, Piwi and 
Ago3 (Fig.  1  C). We furthermore detected Qin that was spe-
cifically associated with GFP::Spn-E (Fig. 1 C). Qin contains 
five Tudor domains (Zhang et al., 2011; Anand and Kai, 2012), 
which recognize symmetrically dimethylated arginines on pro-
teins (Siomi et al., 2010; Handler et al., 2011). Qin is required 
for Aub–Ago3 association and ping-pong to occur (Zhang et 
al., 2011, 2014). Qin physically associates with both Aub and 
Vasa (Anand and Kai, 2012; Xiol et al., 2014), suggesting that 
Qin might help Vasa in the handoff of piRNA precursors from 
Aub to Ago3. In silkworm, Qin is also associated with Spn-E 
(Nishida et al., 2015).

Squash (Squ), a putative nuclease that localizes to the 
nuage (Pane et al., 2007), was also identified as an associated 
protein. Mutations in squ have little effect on piRNA profiles, 
although expression of some TEs such as I elements is dramat-
ically derepressed (Malone et al., 2009; Haase et al., 2010). For 
these reasons, it has been suggested that Squ plays a role in the 
effector phase of the piRNA pathway (Haase et al., 2010). Cup, 
an eIF4E-binding protein (Richter and Sonenberg, 2005), was 
also identified as an associated protein with GFP::Spn-E. Cup 
represses translation of several mRNAs during oogenesis 
(Richter and Sonenberg, 2005) but appears to have other ac-
tivities as well. It transiently localizes to the nuclear envelope 
of germ cells (Keyes and Spradling, 1997), where it physically 
associates with the Nup154 subunit of the nuclear pore complex 
(Grimaldi et al., 2007). Cup also interacts with a complex of 
Trailer Hitch (Tral) and Me31b (Wilhelm et al., 2005), which 
are localized within nuage granules (Lim et al., 2009).

One potential reason that GFP::Spn-E pulled down all 
of these proteins was because they were mutually bound to 
common RNA transcripts rather than bound directly within 
protein complexes. Therefore, we repeated the immunoprecip-
itation experiment but treated half of the immunoprecipitate 
with a cocktail of ribonucleases followed by extensive wash-
ing away of released proteins. We used spectral counting as 
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a semiquantitative means to compare protein levels from ri-
bonuclease-treated immunoprecipitates with control sam-
ples (Bantscheff et al., 2007). Strikingly, Qin, Cup, and Squ 
association with GFP::Spn-E was unaffected by ribonuclease 
treatment, indicating that they are in direct protein complexes 
with GFP::Spn-E (Fig.  1  D). Aub and Piwi showed slightly 
reduced levels with GFP::Spn-E from ribonuclease-treated ly-
sate. Thus, Spn-E forms protein complexes with a variety of 
factors, including Aub and Qin.

It is possible that either Spn-E forms a multisubunit com-
plex composed of all these factors, or it forms distinct com-
plexes with different subunit composition. A common feature 
of multisubunit complexes is the codependence of complex 
formation/stability on the presence of subunits (Butland et al., 
2005). Conversely, if distinct complexes compete with one an-
other for a limiting common subunit, the complexes often form 
antagonistically with one another. We genetically removed one 
interacting partner of Spn-E and measured the associations be-

tween Spn-E and the remaining factors. Unfortunately, avail-
able anti-Qin antibodies did not work for Western blotting or 
immunoprecipitation, making it impossible to test whether loss 
of Ago3 or Aub affected Qin–Spn-E association. Instead, we 
performed an immunoprecipitation of GFP::Spn-E in a qin mu-
tant and measured the levels of Aub and Ago3 that coimmu-
noprecipitated with GFP::Spn-E (Fig. 1, E and F). In the qin 
mutant, the levels of Aub and Ago3 bound to GFP::Spn-E were 
greater than the levels of bound Aub and Ago3 when Qin was 
present (Fig. 1, E and F). Thus, Qin inhibits Spn-E association 
with Aub and Ago3. It might suggest that Qin competes with 
Aub and Ago3 for Spn-E binding.

Interdependence of Spn-E with PIWI 
proteins and Qin
Our biochemical analysis suggests that Qin and PIWI proteins 
act antagonistically with one another for binding to Spn-E.  If 
they act in such a manner, possibly Spn-E localization is regu-

Figure 1.  Spn-E associates with piRNA pathway proteins in the Drosophila germline. (A) A schematic of the GFP::Spn-E transgene. The black line shows 
5′ and 3′ flanking regions and introns within the transcription unit. Blue boxes show the 5′ and 3′ UTRs. Red boxes show Spn-E coding regions, and the 
position of the GFP insertion is also shown. (B) Localization of GFP::Spn-E and Qin proteins in a stage 4 egg chamber. The chamber is composed of 16 
interconnected germ cells, some of which are visible in this plane of focus. Both proteins are strongly enriched in perinuclear foci called nuage granules. 
The proteins are depleted in the nuclei, and GFP::Spn-E in particular is also detected throughout the cytoplasm. Bar, 5 µm. (C) Normalized spectral counts 
from mass spectrometry of proteins that coimmunoprecipitated with either GFP::Spn-E or GFP alone (signal is below detection in the graph). Although the 
results of only one experiment are shown, similar results were obtained in two other experiments. (D) Normalized spectral counts from mass spectrometry 
of proteins that coimmunoprecipitated with GFP::Spn-E. Before mass spectrometry analysis, half of the immunoprecipitate was treated with an RNase 
cocktail and the other half was mock treated, and dissociated proteins were washed away before mass spectrometry analysis of the precipitate. (E and 
F) Anti-GFP immunoprecipitation of proteins from wild-type and qin mutant ovary extracts and Western quantitation of Aub (E) and Ago3 (F) proteins that 
coimmunoprecipitated. As indicated, some ovaries expressed GFP alone and some ovaries expressed GFP::Spn-E. n = 3 replicate experiments. Shown are 
means with error bars representing SEM. P-values are the results of paired and unpaired two-tailed t tests. IP, immunoprecipitate. MS, mass spectrometry. 
CPKM, counts per kilodalton per million.
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lated in opposite ways. Therefore, we examined the localization 
pattern of GFP::Spn-E in aub and qin mutants. GFP::Spn-E lo-
calization to nuage granules was greatly reduced in aub mu-
tants, although the protein remained diffuse throughout the 
cytoplasm (Fig. 2 A). In contrast, qin mutants had GFP::Spn-E 
levels that were reduced in the cytoplasm and more localized 
in nuage (Fig. 2, A–C). These effects on GFP::Spn-E were not 
caused by a large change in overall protein abundance; total 
GFP::Spn-E levels were not greatly altered in the mutants (Fig. 
S3). Thus, it appears that aub and qin have opposing effects 
on GFP::Spn-E localization. To determine whether there was 
an epistatic relationship between Aub and Qin on Spn-E, we 
looked at GFP::Spn-E in an aub qin double mutant. We found 
the localization of GFP::Spn-E was restored to a situation in-
termediate between the single mutants (Fig. 2 A). It suggests 
that Qin and Aub act in parallel and antagonistically to af-
fect Spn-E localization.

As previously noted, GFP::Spn-E has an almost normal 
localization pattern in nuage and cytosol when Aub and Qin are 
both absent. This indicates that there are other factors influenc-
ing Spn-E localization as well. We asked whether Ago3 could 
be one of those factors. Ago3 physically associates with Spn-E, 
and both proteins colocalize in nuage (Fig. 2 D). Therefore, we 
examined the localization of GFP::Spn-E in an ago3 mutant and 

found it to be strongly depleted from nuage (Fig.  2  E). This 
depletion was partially recovered in an ago3 qin double mutant. 
These results are consistent with the aub effects on Spn-E and 
suggest that each PIWI protein promotes Spn-E to nuage gran-
ules in parallel and antagonistically with Qin.

If Ago3 and Aub act redundantly to promote nuage local-
ization of Spn-E, we predicted that loss of both PIWI proteins 
would block Spn-E localization to nuage even in the absence of 
Qin. To test this prediction, we made an ago3 aub qin triple mu-
tant and observed that GFP::Spn-E completely failed to local-
ize within nuage granules (Fig. 2 F). Therefore, Aub and Ago3 
act epistatically to Qin and together are essential for proper 
Spn-E localization to nuage.

Spn-E regulates Qin and PIWI protein 
localization
Our evidence thus far suggests that when bound to Qin, Spn-E is 
more likely to be found in the cytoplasm, whereas when bound 
to Aub or Ago3, Spn-E is more likely to be found in nuage gran-
ules. One mechanism by which Qin and PIWI proteins could 
affect Spn-E localization is by each acting as a sink located in 
separate cellular compartments. If this hypothesis is correct, 
each molecule would be strictly located within a unique com-
partment—Qin in the cytoplasm and the two PIWI proteins in 

Figure 2.  GFP::Spn-E localization is regulated by Qin and PIWI proteins. (A) Confocal micrographs of GFP::Spn-E in stage 3 egg chambers of wild type 
and mutants, as indicated. (Left) One egg chamber section. Bar, 5 µm. (Right) Magnified images of the perinuclear and nuclear regions of one nurse cell. 
Bar, 1 µm. (B) Relative sizes of nuage granules positive for GFP::Spn-E as measured by pixel number of individual granules. Error bars are SEM, and p-value 
is the result of a two-tailed t test comparing the difference in sizes between wild type (WT) and qin. n = 22 replicates. (C) Quantification of GFP::Spn-E 
fluorescence intensity in defined regions of nurse cells at stage 3 of oogenesis. Shown are mean intensities detected in peripheral cytoplasm and in indi-
vidual nuage granules. Error bars are SEM, and the p-values are results of two-tailed t tests comparing the difference in intensities between wild type and 
qin. n = 23 replicates. (D) Localization of GFP::Spn-E and Ago3 proteins in a stage 3 egg chamber. Bar, 5 µm. (E) Confocal micrographs of GFP::Spn-E 
in stage 4 egg chambers of mutants, as indicated. (Left) Section through one egg chamber. Bar, 5 µm. (Right) Magnified images of the perinuclear and 
nuclear regions of one nurse cell. Bar, 1 µm. (F) GFP::Spn-E localization in wild-type and aub ago3 qin triple mutant stage 4 egg chambers. Bar, 5 µm.
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the nuage. However, Qin is detected in both compartments and 
is enriched in the nuage (Fig. 1 B). The PIWI proteins have a 
similar localization pattern (Snee and Macdonald, 2004; Bren-
necke et al., 2007; Li et al., 2009). Given that their localization 
patterns resemble one another and resemble that of Spn-E, a 
more attractive mechanism comes to mind. In this mechanism, 
Qin and PIWI proteins would shuttle with Spn-E from one com-
partment to another. If this were the case, we would expect their 
localization to be affected when we removed Spn-E.

We looked at the localization of GFP-tagged Qin in a 
spn-E mutant background. As expected, the removal of Spn-E 
affected the localization of Qin (Fig.  3, A and B). Qin::GFP 
was more concentrated at the nucleus in spn-E mutant cells. 
Strikingly, the granular appearance of Qin::GFP in nuage was 
transformed into a web-like perinuclear localization (Fig. 3 A). 
We also looked at the effects of Aub and Ago3 on Qin local-
ization and did not observe a change in Qin::GFP localization 
in aub or ago3 mutant cells (Fig.  3, A and B). Thus, Qin is 
recruited to perinuclear regions by a mechanism independent of 
the two PIWI proteins.

We also tested whether PIWI protein localization was in-
fluenced by Spn-E. GFP::Aub is present in germ cell cytoplasm 
and highly enriched in perinuclear nuage granules (Fig. 3 C). 
Loss of Spn-E caused almost complete loss of GFP::Aub in 
egg chambers. Ago3 protein is normally concentrated in het-
erogeneously sized granules, some of which are perinuclear 
(Fig. 3 C). Loss of Spn-E did not abolish Ago3 as it did for Aub; 
rather, perinuclear localization of Ago3 granules was less pro-
nounced (Fig. 3 C). We also looked at the effect of qin mutants 
on Aub and Ago3. The GFP::Aub nuage was less homogeneous 
and more punctate, reminiscent of Spn-E distribution in the qin 

mutant (Fig. 3 C). Likewise, Ago3 appeared to be more concen-
trated in the perinuclear nuage of qin mutants (Fig. 3 C).

Spn-E dynamics are regulated by Qin
Nuage granules are stable structures that maintain size, seldom 
detach from the nuclear envelope, and exchange their protein 
components with the cytosol (Snee and Macdonald, 2004). To 
measure the dynamic movement of Spn-E in nuage granules, 
we performed FRAP of GFP::Spn-E.  FRAP is used to study 
the kinetic properties of fluorescent proteins by measuring 
the fluorescence recovery rate in a bleached area (Reits and 
Neefjes, 2001; Snapp et al., 2003). Unbleached molecules enter 
into the bleached area from the outside, and the fluorescence 
intensity is recorded by time-lapse microscopy. The recovery 
curve provides information about the diffusion and binding 
dynamics of the protein.

We dissected stage 3 egg chambers from GFP::Spn-E ova-
ries and cultured them in vitro in a confocal microscopy chamber 
(Video 1). One or two nuage granules were then photobleached 
in a 1-μm2 region of interest (ROI), and the reappearance of 
GFP::Spn-E fluorescence in the ROI was monitored (Fig. 4 A). 
A nearby unbleached nuage granule was also monitored over 
time and used as a reference to normalize for the relative re-
covery of the bleached granule. New GFP::Spn-E fluorescence 
reappeared at the same position as the original nuage granule, 
suggesting that there is exchange of GFP::Spn-E between cyto-
solic pools and stable nuage (Video 2). For each time point, we 
calculated the level of recovering GFP::Spn-E fluorescence as 
a fraction of the prebleach fluorescence intensity. This recovery 
response is shown in Fig. 4 B, which presents data from five 
biological replicates each for wild-type and qin mutants.

Figure 3.  Spn-E regulates localization of Qin and PIWI proteins. (A) Qin::GFP localization in stage 3 egg chambers of wild type and mutants, as indicated. 
(Left) Section through one egg chamber. Bar, 5 µm. (Right) Tangent planar views of a single nurse cell nucleus from each genotype. This plane images 
the perinuclear localization of Qin::GFP. Bar, 1 µm. Shown are representative egg chambers from a total number imaged and analyzed of n = 50 (wild 
type), n = 22 (spn-E), n = 16 (aub), and n = 12 (ago3). (B) Quantification of Qin::GFP fluorescence intensity in defined regions of nurse cells. Shown are 
mean intensities detected for perinuclear Qin::GFP and peripheral cytoplasmic Qin::GFP. Error bars are SEM; two-tailed t tests were done to compare the 
difference in intensities between wild type (WT) and each mutant. The result of the only t test returning significance is shown. Replicate number for each 
analysis (bar) ranged from 12 to 18. (C) GFP::Aub localization in stage 3 egg chambers of wild type and mutants, as indicated. Ago3 protein localization 
as detected by anti-Ago3 in stage 3 egg chambers of wild type and mutants, as indicated. Bars, 5 µm.
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Using nonlinear regression analysis, we found that single- 
phase exponential functions best fit the data for both genotypes 
(see the Analysis of FRAP experiments section within Materi-
als and methods). Using the exponential models, we estimated 
the rate constant for recovery of fluorescence (k) in each con-
dition (Fig. 4 B). If the bleached molecules have no effect on 
the dynamics of unbleached molecules, k is determined by the 
unbleached molecule’s diffusion coefficient. This relationship 
is k = 4D × ln(2)/r2, where r is the bleach spot radius and D 
is the diffusion coefficient. The observed k for GFP::Spn-E in 
wild-type nuage translates to a diffusion coefficient of ∼0.001 
µm2/s. Given that GFP and its fusion proteins exhibit diffusion 
coefficients in cytoplasm ranging between 0.5 and 25 µm2/s 
(Snapp et al., 2003), this large discrepancy indicates that GF-
P::Spn-E recovery is not limited by monomolecular diffusion. 
Instead, it describes a recovery in which bleached molecules 
are bound to static molecules and must dissociate before un-
bleached molecules can occupy the bleached area (Snapp et al., 
2003). Consequently, the recovery rate constant is determined 
by the dissociation rate constant of binding to the static part-
ners. For GFP::Spn-E, this would translate to an approximate 

binding half-life of 1.5 min. When comparing the rate constants 
for GFP::Spn-E between wild-type and qin nuage, there was 
a small difference (Fig. 4 C). The mutant exhibited a slightly 
higher rate constant that was weakly significant (P < 0.05 
by confidence interval).

The exponential model also defined the fraction of 
bleached molecules that can freely dissociate from their static 
partners (mobile) and the fraction of molecules that are perma-
nently bound (immobile; Snapp et al., 2003). The relative lev-
els of mobile and immobile fractions can be seen by the fitted 
curves approaching asymptotes that are less than prebleached 
levels (Fig. 4 B). The fitted parameter for the size of the GF-
P::Spn-E mobile fraction greatly differed between wild-type 
and qin mutant nuage (Fig. 4 C). Approximately 80% of GF-
P::Spn-E in wild-type nuage was mobile, whereas only 35% of 
GFP::Spn-E in qin mutant nuage was mobile, and this differ-
ence between wild type and mutant was significant (P < 0.01 
by confidence interval).

We also took a different approach for FRAP data analysis, 
in which each replicate was analyzed independent of the other 
replicates, and estimated parameters were then averaged for 

Figure 4.  GFP::Spn-E dynamics in nuage is controlled by Qin. (A) A schematic of the FRAP experiment. After prebleach measurement of GFP::Spn-E 
fluorescence in nuage, one granule was bleached for 62.6 s; thereafter, fluorescence in both reference and bleached nuage was followed over time. 
Below are representative confocal images in nuage before and after bleaching. Bar, 0.25 µm. (B) Kinetics of GFP::Spn-E fluorescence recovery expressed 
as a normalized fraction of the prebleach level. Values measured from all replicates are plotted. The fitted curves are single-phase exponential functions. 
(C) Exponential model parameters estimated from B. (Left) The percentage of prebleached GFP::Spn-E that is mobile within the nuage. Shown are point 
estimates (horizontal lines) and 99% confidence intervals (shaded boxes) for wild-type and qin mutant mobile fractions. (Right) The recovery rate constants 
of GFP::Spn-E within the nuage. Point estimates (horizontal lines) and 95% confidence intervals (shaded boxes) are shown. (D) Mean recovery half-time 
for the mobile fraction of GFP::Spn-E in wild-type and qin mutant nuage. (E) Mean mobile fraction of GFP::Spn-E in bleached nuage of wild-type and qin 
mutant germline. n = 5 replicates. Error bars are SEM, and p-values are the results of two-tailed t tests.
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each genotype. This allowed us to estimate the recovery half-
life, which is the time required for 50% of the mobile fraction 
to recover (Snapp et al., 2003). The mean recovery half-life of 
mobile GFP::Spn-E in qin nuage was not significantly differ-
ent from the recovery half-life in wild-type nuage (Fig.  4  D;  
P = 0.1352; two-tailed t test). Because the recovery half-life is 
inversely proportional to the dissociation rate constant k (t1/2 = 
ln(2)/k), it indicates that the GFP::Spn-E dissociation rate con-
stant is not significantly affected by the qin mutant. This is what 
had also been observed in our single-phase exponential model-
ing. Also consistent with exponential modeling, the mean mo-
bile fraction of GFP::Spn-E was reduced twofold in qin mutant 
nuage using the alternative analytic approach (Fig. 4 E). Thus, 
Qin positively regulates the size of the GFP::Spn-E pool in 
nuage that can freely exchange with cytoplasmic GFP::Spn-E.

Discussion

The nuage granule is a hallmark of germline cytoplasm in di-
verse animal species, ranging from nematodes to mammals  
(Voronina et al., 2011). It is a site for TE RNA degradation, 
which is essential for inhibiting TE transposition in the germ-
line genome. Nuage granules in Drosophila reside on the cyto-
plasmic face of certain nuclear pores, adjacent to nuclear foci 
composed of Rhino and UAP56 proteins plus TE and cluster 
RNAs (Zhang et al., 2012). This intimate connection between 
nuclear foci and nuage ensures the efficient transfer of piRNA 
precursors to the ping-pong apparatus.

A hierarchical model was proposed for Drosophila nuage 
assembly in which the RNA helicase Vasa sits at the apex (Lim 
and Kai, 2007; Patil and Kai, 2010). Vasa was proposed to re-
cruit piRNA pathway components in a defined order: first by di-
rectly recruiting Tudor domain proteins, which thereafter recruit 
PIWI proteins by binding to their symmetrically dimethylated 
arginines. A more nuanced view of Vasa has emerged in which 
it nucleates assembly of a transient complex within the nuage 
granule (Xiol et al., 2014; Nishida et al., 2015). There, Vasa’s 
helicase clamps sense-stranded TE RNAs and assembles PIWI 
proteins that cleave the RNAs for Ago3 loading. Strikingly, if 
Vasa cannot unclamp RNA, the complex fails to disassemble, 
and complex subunits overaccumulate in nuage granules. This 
strongly hints that the formation of RNA–protein complexes 
is coupled with movement of complex components between 
nuage granules and the rest of the cytoplasm. The nuage can be 
considered to be a hub for active and transient complexes.

Our studies of Spn-E confirm and expand upon this con-
cept. Spn-E is another RNA helicase essential for piRNA bio-
genesis, and Spn-E exhibits distinct patterns of localization 
within the germ cells. Our results allow us to propose a model 
in which Spn-E cycles between nuage granules and the cyto-
plasm (Fig. 5). In one version of the model, the cycle is coupled 
to a defined series of transient complexes composed of Spn-E 
and other proteins (Fig. 5 A). Within the nuage, Spn-E would 
bind to Qin, and this complex would exit from the nuage. Exit 
would be followed by complex dissociation and reassociation 
of Spn-E with Ago3 and Aub proteins. These complexes would 
then enter the nuage, where they would remain until they dis-
sociate, whereupon Spn-E and Qin complex formation could 
be renewed. In another version of the model, cycling would be 
driven by the relative affinities of different Spn-E complexes for 
an immobile scaffold within nuage (Fig. 5 B). In this model, 

Spn-E could form complexes with either Qin or PIWI proteins 
indiscriminately in both nuage and cytoplasm. However, in the 
nuage, these complexes interact with an immobile scaffold for 
which they possess differential binding affinities. PIWI–Spn-E 
complexes would have strong affinity for the scaffold becom-
ing immobile, whereas Qin–Spn-E complexes would have 
weaker affinity for the scaffold and be more mobile. If this 
model is correct, what might the scaffold be? One intriguing 
possibility is that the scaffold is part of the nuclear envelope 
localized to the pores.

If the scaffold model is correct, the Spn-E complexes at 
steady state might potentially compete with one another. In-
deed, Aub and Ago3 compete with Qin for binding to Spn-E, 
suggesting that Spn-E is a limiting subunit for these different 
complexes. The scaffold model would also explain the Spn-E 
FRAP results. In the absence of Qin, more Spn-E is immobile 
within nuage granules, presumably because more of it is tightly 
bound to the scaffold. Because Spn-E is associated with more 
PIWI proteins under these conditions, it suggests that Aub–
Spn-E and Ago3–Spn-E complexes are strongly associated 
with the scaffold, as the model predicts. The minor fraction of 
Spn-E in qin mutant nuage that is mobile might be free protein 
or protein associated in other complexes that have weak affinity 
for the scaffold, making them highly mobile. The model pre-
dicts that a greater fraction of Spn-E would be competed out 
of high affinity complexes into low affinity complexes when 
Qin is present, reducing the fraction of Spn-E that is immobile.  

Figure 5.  Models for Spn-E cycling between cytoplasmic compart-
ments. (A) One model proposes that Spn-E forms transient complexes in 
different compartments, and this follows a defined series of steps. (B) A 
second model proposes that Spn-E forms transient complexes in all com-
partments at steady state, and different complexes have different affini-
ties for a nuage scaffold.
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Indeed, this is precisely what was observed: Qin caused a two-
fold decrease in the immobile fraction of Spn-E in the nuage.

The dynamic cycling of Spn-E and associated factors is 
intriguing, and it is worth speculating on a possible function for 
the cycling. Spn-E and these factors act in a biochemical cycle 
of piRNA processing called ping-pong. Perhaps the dynamic 
cycling of Spn-E and associated factors is in some way coupled 
with the execution of the ping-pong cycle. Transient complexes 
might form and immobilize in the nuage until one step in the 
ping-pong cycle is executed, thereafter releasing the complex 
subunits. These could then diffuse elsewhere and allow new 
complexes to form that execute other steps in the ping-pong 
cycle. Hence, complexes would not be physically coupled to 
one another in executing one complete round of ping-pong, 
but would move between one another and even between nuage 
granules to create a highly connected network of RNA pro-
cessing reactions. Recent evidence that Vasa complexes act 
in this manner (Xiol et al., 2014) lends credence to the notion 
that various steps of the ping-pong reaction might be spatially 
and temporally uncoupled.

Materials and methods

Spn-E recombineering
To insert eGFP into BACR06B08, which contains Spn-E genomic DNA, 
a 635-bp left homology arm (LA) was generated from the spn-E locus 
such that its 3′ endpoint corresponded to the nucleotide upstream of the 
spn-E start codon. The LA fragment was ligated to an EGFP fragment 
containing the complete ORF and start codon but no stop codon. A  
696-bp right homology arm (RA) was generated from the spn-E locus 
such that its 5′ endpoint corresponded to the second codon of spn-E. The 
RA fragment was ligated to the 3′ end of the LA-eGFP fragment. The 
LA-eGFP-RA linear fragment was transformed into DY380 containing 
BACR06B08, and recombineered eGFP insertions were identified. To 
construct a FLAG-tagged version of Spn-E, we used a modified tandem 
affinity purification tag that had been developed for Drosophila proteins 
(Yang et al., 2006). This tri tag was a gift from H. Krause (University of 
Toronto, Toronto, Canada), and it consists of N-3 × FLAG-TEV-Strep-6 
× His-C, where three copies of the FLAG epitope are upstream of a 
recognition site for TEV protease, a Strep tag, and a polyhistidine tag. 
The tri tag was inserted into BACR06B08 by recombineering to create 
an N-terminal fusion between the tag and Spn-E polypeptides. 

LAs and RAs corresponding to fragments of the spn-E locus 
were inserted into the multicloning site of attB-[Pacman] (Venken et al., 
2006). The endpoint of the 5′-most arm corresponded to 3R:15,836,621, 
and the endpoint of the 3′-most arm corresponded to 3R:15,844,693. 
The vector was linearized and transformed into DY380 containing the 
eGFP- or tri tag–modified BACR06B08. Through recombineered gap 
repair, an 8,072-bp region from 3R:15,836,621 to 3R:15,844,693 was 
incorporated into attB-[Pacman] to generate GFP::Spn-E–attB-[Pac-
man] and FLAG::Spn-E–attB-[Pacman]. The 5′ endpoint resides in the 
first intron of the ND23 gene on the 5′ side of spn-E, whereas the 3′ 
endpoint resides in the final exon of the cv-d gene on the 3′ side of spn-
E. GFP::Spn-E–attB-[Pacman] and FLAG::Spn-E–attB-[Pacman] were 
transformed by ψC31-mediated recombination into the VK22 attP 
landing site near the distal end of 2R (Venken et al., 2006). The func-
tionality of the GFP::Spn-E and FLAG::Spn-E transgenes was tested 
by recombining them with spn-E1 and spn-EΔ125 mutations. One copy 
of the transgenes completely rescued the sterility phenotype of spn-E1/
spn-EΔ125 trans-heterozygous mutants. All genome positions described 
were taken from Release 6 (Drosophila Genome Project).

Genetics
All Drosophila stocks were maintained on cornmeal-molasses 
food between 23 and 25°C.  qin1, Df(3R)Exel6180, Df(2L)BSC187, 
aubHN2, aubQC42, ago3t2, ago3t3, spn-E1, spn-EΔ125, nanos-Gal4, nanos-
Gal4::VP16, and tub>GFP were obtained from the Bloomington Stock 
Center. Qin::GFP was a gift from P.  Zamore (University of Massa-
chusetts Medical School, Worcester, MA). UASp-GFP::Aub was a 
gift from P.  MacDonald (University of Texas, Austin, TX). qinkumo 
was a gift from T. Kai (Temasek Research Laboratories, Singapore). 
The following trans-heterozygous allelic combinations were gener-
ated for all experimental analyses described: aubHN2/aubQC42 (aub), 
ago3t2/ago3t3 (ago3), spn-E1/spn-EΔ125 (spn-E), qin1/Df(3R)Exel6180 
(qin), and qinkumo/Df(3R)Exel6180 (qinkumo). Trans-heterozygous mu-
tants were used to minimize the effects of second-site mutations on 
the relevant chromosomes.

Immunohistochemistry and microscopy
1- or 3-d-old ovaries were dissected in cold PBS and fixed for 30 min in 4% 
paraformaldehyde. Permeabilization was performed in PBS + 0.3% Triton 
X-100 (PBST). PBST was supplemented with 5% goat serum and incu-
bated with fixed tissue for 30 min as a preblock. Ovaries were incubated 
with primary antibodies for 2 h at room temperature or overnight at 4°C 
at the appropriate concentrations. After washing with PBST four times, 
ovaries were incubated with secondary Alexa Fluor 488 or Alexa Fluor 546 
(Invitrogen) at a 1:200–1:500 dilution in PBST. TO-PRO-3 diluted 1:1,500 
(Thermo Fisher Scientific) was added to the incubation for counterstaining 
nuclei. Ovaries were washed four times in PBST and mounted with Vec-
tashield (Vector Laboratories). Rabbit anti-Ago3 and rabbit anti-Aub were 
gifts from G.  Hannon (University of Cambridge, Cambridge, England, 
UK) and were used at a 1:500 dilution. Rabbit anti-Vasa was a gift from 
P. Lasko (McGill University, Montreal, Canada) and was used at a 1:2,000 
dilution. Rabbit anti-Qin was a gift from T. Kai and used at a 1:1,000 di-
lution. Guinea pig anti-Coracle was a gift from R. Fehon (University of 
Chicago, Chicago, IL) and used at a 1:200 dilution. Monoclonal anti- 
adducin 1B1 was obtained from the Developmental Studies Hybrid-
oma Bank and used at a 1:20 dilution. All samples were imaged at room 
temperature using a confocal microscope (510 Meta; ZEI​SS) with an 
oil objective (20×/NA 0.5 or 100×/NA 1.45; ZEI​SS). All images were 
collected in Z stacks with sequential channel collection. Acquisition 
software (ZEI​SS) was used.

Quantification of protein localization
For imaging of GFP protein localization in wild-type and mutant egg 
chambers, we were careful to minimize intersample measurement error. 
Mutant and control females were collected together and aged for an 
identical length of time. Ovaries were dissected and fixed at the same 
time in identical buffers. Ovarioles were cleared and mounted on slides 
at the same time; some genotypes were mounted on the same slide. All 
samples were imaged by microscopy at the same time, and microscope/
imaging settings were kept constant. Imaging parameters were first set 
to a nonrecorded sample with the greatest fluorescence so that fluores-
cence measurements did not saturate for any sampled specimens. High 
magnification Z sections were imaged using laser intensity and pinhole 
settings such that 8-bit pixel values did not exceed half-maximal level. 
Only nurse cells within stage 3 or 4 egg chambers were considered. 
Finally, experiments were repeated with new specimens on different 
days using different buffers and microscopy sessions. Three or more of 
these replicates were performed per experiment. 

Image analysis was performed using Fiji (National Center for 
Biotechnology Information). Nonnuage fluorescence was hand seg-
mented such that a minimum of 100 pixels was analyzed for each  
sampled segment. The mean pixel value per segment was recorded, and 
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the mean of 12–24 segmented means per genotype was taken as cy-
toplasmic fluorescence intensity. Perinuclear nuage fluorescence was 
hand segmented over tangential sections through the nuage. Mean pixel 
value was recorded, and the mean of 12–50 segmented means per geno-
type was taken as perinuclear fluorescence intensity. To measure nuage 
granule size and fluorescence intensity, the Fiji freeform tool was used 
to segment individual granules. Pixel number and mean pixel values 
for each segment were recorded. The mean pixel values of 150–200 
individually segmented objects per genotype were used to derive mean 
granule fluorescence intensity. The mean pixel number of these objects 
was taken as granule size. Western blot experiments indicated that total 
levels of GFP::Spn-E did not significantly vary with genotype (Fig. S3). 
To confirm this observation using fluorescence microscopic images, we 
segmented the entire germline of stage 3 egg chambers under study and 
measured mean pixel values for each. Wild-type chambers averaged 
16.06 ± 2.36 (SEM) U/pixel, and qin mutant chambers averaged 15.78 
± 1.72 (SEM) U/pixel. Total GFP::Spn-E fluorescence was not signifi-
cantly different between genotypes (P = 0.92 by two-tailed t test).

FRAP experiments
Stage 3 egg chambers were dissected from 1-d-old ovaries in Schnei-
der’s media (Invitrogen) supplemented with 15% fetal bovine serum 
(Gibco), 0.6× penicillin–streptomycin (Invitrogen), and 200 µg/ml 
bovine insulin (Sigma-Aldrich). Samples were imaged at room tem-
perature on glass-bottom microwell dishes (MatTek Corporation) with 
a moist Kimwipe to maintain humidity. The oil objective (100×/NA 
1.45) was used on a microscope (510 Meta). Prebleach and postbleach 
scans were performed such that each pixel in captured images had 0.09 
× 0.09–µm dimensions. Photobleaching was performed by focusing the 
488-nm laser on a ROI with a dimension of 1 × 1 µm that contained 
a stable nuage granule. Bleaching was performed at maximum laser 
intensity for 62.6 s, with bleaching iterations of 0.21 s. Up to 120 post-
bleach scans were then obtained for each specimen, with each image 
acquired every 3.2 s at a high scanning speed and minimal laser inten-
sity. The first postbleach scan was performed immediately at the termi-
nation of the bleach and was taken as the zero time point.

Analysis of FRAP experiments
Acquisition software (ZEI​SS) was used for image capture. ImageJ 
(National Institutes of Health) was used to quantitate the image data. 
The prebleach image was overlaid with the image from each postbleach 
time point to correct for drift of the sample over time and to rigorously 
identify the ROI and reference at each time point. A defined field of 
52 pixels was used to quantitate ROI pixel intensity, and the field was 
positioned such that the inner half of a bleached ROI was quantitated. 
A similar sized field was used to quantitate pixel intensity in reference 
nuage for each image. Total pixel intensity in each user-defined field 
was used as the measure of fluorescence intensity. ROI fluorescence 
intensity at each postbleach time point was normalized to the reference 
fluorescence intensity by

	​​ F​ n​​​​(​​t​)​​​  = ​ 
​R​ x​​​​(​​​t​ p​​​)​​​

 _____ ​R​ x​​​​(​​t​)​​​
 ​   ×   ​F​ x​​(t ) ,​

where Fn(t) is normalized ROI fluorescence intensity, Rx(tp) is pre-
bleach reference fluorescence intensity, Rx(t) is reference fluorescence 
intensity at time t, and Fx(t) is ROI fluorescence intensity at time t. Nor-
malized fluorescence intensities were then converted to recovered frac-
tional fluorescence, FF(t), by

	​ FF​​(​​t​)​​​  = ​ 
​F​ n​​​​(​​t​)​​​ –  ​F​ n​​​​(​​​t​ 0​​​)​​​ __________ 

​F​ n​​​​(​​​t​ p​​​)​​​ –  ​F​ n​​​​(​​​t​ 0​​​)​​​ 
 ​ ,​

where Fn(tp) is prebleach normalized ROI fluorescence intensity and 
Fn(t0) is normalized ROI fluorescence intensity at t = 0. For each geno-
type studied, a total of five biological replicates were analyzed for frac-
tional fluorescence. All data per genotype were pooled and analyzed 
by nonlinear regression analysis (least squares) in Prism (GraphPad 
Software). A wide variety of linear and nonlinear models were tested, 
and these were compared with one another by Akaike’s information 
criterion (AICc; Burnham and Anderson, 2002). The top two models 
based on relative AICc scores were a one-phase exponential model and 
a second-order polynomial (quadratic) model. The total difference in 
AICc scores was 10.72 in favor of the one-phase exponential model. 
Therefore, we selected this model: Y = (Y0 − AS) × ekx + AS, where Y0 is 
the Y value when x = 0, AS is the Y value when x = ∞, and k is the rate 
constant, expressed in units that are the inverse of units for x.

We also compared the one-phase exponential model with 
nested models and found that the AICc score for the one-phase model 
was superior. We further tested the one-phase model by constrain-
ing each parameter and comparing their AICc scores with each other 
and the unconstrained model. In doing so, we found that a model in 
which Y0 is constrained by setting it to zero was optimal and gave 
particularly strong AICc scores relative to other nonlinear models. 
When this model was applied to determine the parameter estimates, 
we also obtained the 95% and 99% confidence intervals for the 
unconstrained parameters.

Alternative analyses on the FRAP data were also performed. The 
mobile fraction of GFP::Spn-E was calculated as

	​​ M​ f​​  =   ​ 
​R​ x​​​​(​​​t​ p​​​)​​​

 _____ ​R​ x​​​​(​​​t​ ∞​​​)​​​ ​   ×   ​ 
​F​ x​​​​(​​​t​ ∞​​​)​​​ − ​F​ x​​​​(​​​t​ 0​​​)​​​ __________ 
​F​ x​​​​(​​​t​ p​​​)​​​ − ​F​ x​​​​(​​​t​ 0​​​)​​​

 ​ ,​

where Rx(t∞) is the asymptote of reference fluorescence intensity, Fx(t∞) 
is the asymptote of the ROI fluorescence intensity, Fx(t0) is the ROI flu-
orescence intensity at t = 0, and Fx(tp) is the prebleach ROI fluorescence 
intensity. The half-time of recovery for the mobile GFP::Spn-E fraction 
was estimated as described previously (Snapp et al., 2003). First, we 
transformed the normalized ROI fluorescence intensity, Fn(t), to a per-
centage of mobile GFP::Spn-E intensity, MF(t):

	​ MF​​(​​t​)​​​  =  100  ×   ​ 
​F​ n​​​​(​​t​)​​​ − ​F​ n​​(​t​ 0​​ ) __________ ​F​ n​​​​(​​​t​ ∞​​​)​​​ − ​F​ n​​(​t​ 0​​ )

 ​ ,​

where Fn(t∞) is the asymptote of normalized ROI fluorescence inten-
sity. We then plotted MF(t) versus an adjusted time, tt, in which tt = t + 
31.3 s, where 31.3 s is the half-time of the bleach. The reasons for using 
an adjusted time are explained elsewhere (Snapp et al., 2003). The time 
at which MF(t) = 50% was taken as the recovery half-life.. Replicate 
estimates of Mf and the recovery half-life were averaged for each gen-
otype, and two-tailed t tests were performed in Prism to determine the 
significance in differences between means.

Immunoprecipitations and Western blots
For immunoprecipitation experiments, roughly 100 ovaries from fe-
males expressing GFP::Spn-E or GFP were dissected per sample in 
cold PBS and flash frozen before lysis. Ovaries were homogenized in 
lysis buffer (10 mM Tris/Cl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 
0.5% NP-40) supplemented with protease inhibitors (MG-132, trypsin, 
aprotinin, and pepstatin) with a hand homogenizer for 2 min. Samples 
were centrifuged at 16,100 g for 15 min at 4°C. Lysates were diluted 
to the desired concentration with lysis buffer (without NP-40). Lysates 
were incubated with GFP-Trap_A (ChromoTek) nanobody-agarose 
beads overnight at 4°C. Beads were washed three times with dilution 
buffer. Proteins were eluted from the beads by heating at 95°C in SDS 
loading buffer and electrophoresed in a 7% SDS-polyacrylamide gel. 
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Proteins were transferred onto polyvinylidene fluoride, and blots were 
probed with mouse anti-Aub at a 1:1,000 dilution (a gift from H. Siomi, 
Keio University, Tokyo, Japan), mouse anti-Ago3 at a 1:500 dilution (a 
gift from H. Siomi), rabbit anti-GFP at a dilution of 1:1,000 (Thermo 
Fisher Scientific), and mouse anti–α-tubulin at a dilution of 1:50,000 
(Developmental Studies Hybridoma Bank). Goat anti–mouse IgG HRP 
(Bio-Rad Laboratories) and goat anti–rabbit HRP (GE Healthcare) 
were diluted to 1:1,000 and used as negative controls.

Immunoprecipitated proteins were quantitated using Fiji and 
normalized to the input proteins present in the starting extracts. Four 
biological replicates were performed for coimmunoprecipitation exper-
iments, and the mean and interval estimates were derived. Student’s t 
tests were used to test for significance.

Immunoprecipitation and mass spectrometry
Ovaries from females containing the GFP::Spn-E–[Pacman] trans-
gene were homogenized in lysis buffer supplemented with protease 
inhibitors (50 mM Hepes-KOH, pH 7.5, 150 mM KCl, 1.5 mM MgCl2, 
1.5 mM EGTA, 10% glycerol, and 0.2% NP-40). As a negative control, 
ovaries from tub>GFP females were separately homogenized for anal-
ysis. Samples were centrifuged at 16,100 g for 10 min at 4°C. Super-
natant volume was adjusted to bring protein concentration to 5 mg/ml,  
and the supernatant was then precleared with washed protein G 
magnetic beads (Invitrogen) for 1  h.  Monoclonal anti-GFP antibody 
(mFX73; Wako Pure Chemical Industries) was added to precleared 
samples and incubated overnight at 4°C.  Protein G magnetic beads 
were then added to samples and incubated for 2 h at 4°C. Beads were 
washed with lysis buffer and then with wash buffer (50 mM Hepes, 
pH 7.5, 200 mM KCl, and 0.2% NP-40) before a final wash in water. 
Treatment of immunoprecipitations with RNase to determine coimmu-
noprecipitation resistance to RNase was performed essentially as de-
scribed previously (Landthaler et al., 2004). Immunoprecipitates bound 
to protein G beads were washed with lysis buffer and then with buffer R 
(50 mM Hepes, pH 7.5, 200 mM KCl, and 0.2 mM DTT). Beads were 
incubated in buffer R + 50 µg/ml RNase A (Sigma-Aldrich) + 10,000 
U/ml RNase T1 (Sigma-Aldrich) at 15°C overnight. RNase minus con-
trol precipitates were treated identically except RNase was left out of 
the incubation. Beads were then washed extensively with buffer R be-
fore a final wash in water.

Protein pellets were dissolved in digestion buffer (2 M urea and 
100 mM Tris, pH 8.5), reduced with TCEP (Tris[2-carboxyethyl]-phos-
phine hydrochloride), alkylated with iodoacetamide, and digested with 
trypsin. Digested peptides were analyzed by tandem liquid chroma-
tography/mass spectrometryusing a mass spectrometer (LTQ; Thermo 
Fisher Scientific). Multidimensional chromatography was performed 
online with four salt steps (MacCoss et al., 2002). Tandem mass spec-
tra were collected in a data-dependent manner with up to 5-ms2 scans 
performed for each initial scan (m/z range of 400–2,000). The search 
program ProLuCID (Xu et al., 2006) was used to match data to a Dro-
sophila protein database. Peptide identifications were filtered using 
DTASelect (Tabb et al., 2002).

Spectral counts for a given protein were tabulated and normal-
ized to total sample spectral counts to give counts per million. Because 
spectral counts for a given protein are proportional in number to the pro-
tein’s size (number of peptides), we normalized counts per million to 
the protein mass in kilodaltons to give counts per kilodalton per million.

Online supplemental material
Fig. S1 shows a confocal micrograph of a single ovariole from a 
female containing the GFP::Spn-E transgene. Fig. S2 shows a silver-
stained SDS-PAGE of GFP immunoprecipitations for MUD​PIT 
analysis. Fig. S3 shows a Western blot of GFP::Spn-E protein from  

wild-type and mutant ovaries. Video 1 shows a time lapse of GFP::Spn-E 
fluorescence. Video 2 shows a representative FRAP experiment. Online 
supplemental material is available at http​://www​.jcb​.org​/cgi​/content​/
full​/jcb​.201411076​/DC1.
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