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Summary

Centrioles form centrosomes and cilia, and defects in any
of these three organelles are associated with human dis-
ease [1]. Centrioles duplicate once per cell cycle, when a
mother centriole assembles an adjacent daughter during
S phase. Daughter centrioles cannot support the assembly
of another daughter until they mature into mothers during
the next cell cycle [2-5]. The molecular nature of this
daughter-to-mother transition remains mysterious. Pio-
neering studies in C. elegans identified a set of core pro-
teins essential for centriole duplication [6-12], and a similar
set have now been identified in other species [10, 13-18].
The protein kinase ZYG-1/Sak/Plk4 recruits the inner
centriole cartwheel components SAS-6 and SAS-5/Ana2/
STIL, which then recruit SAS-4/CPAP, which in turn helps
assemble the outer centriole microtubules [19, 20]. In flies
and humans, the Asterless/Cep152 protein interacts with
Sak/Plk4 and Sas-4/CPAP and is required for centriole
duplication, although its precise role in the assembly
pathway is unclear [21-24]. Here, we show that Asl is not
incorporated into daughter centrioles as they assemble
during S phase but is only incorporated once mother and
daughter separate at the end of mitosis. The initial incorpo-
ration of Asterless (Asl) is irreversible, requires DSas-4,
and, crucially, is essential for daughter centrioles to mature
into mothers that can support centriole duplication. We
therefore propose a “dual-licensing” model of centriole
duplication, in which Asl incorporation provides a perma-
nent primary license to allow new centrioles to duplicate
for the first time, while centriole disengagement provides
a reduplication license to allow mother centrioles to dupli-
cate again.

Results

Daughter Centrioles Incorporate DSas-4, but Not Asl,
during Their Assembly

To better understand how Asl and DSas-4 might function
together in fly centriole duplication, we followed the behavior
of GFP-fusions of these proteins in centrosomes during
the rapid, early, mitotic cycles in living syncytial blastoderm
Drosophila embryos. For all experiments, we expressed
near-endogenous levels of either DSas-4-GFP or Asl-GFP
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[21] in the absence of the corresponding endogenous protein
(Figures S1A and S1B available online).

In early S phase, just after the centrosomes have separated
(Figure 1A, t = 0 s), the level of DSas-4-GFP fluorescence was
similar at the two centrosomes and gradually increased during
S phase, as new daughter centrioles assembled (Figures 1A
and 1B). DSas-4-GFP levels plateaued shortly before the start
of mitosis (nuclear envelope breakdown [NEB]; Figures 1A and
1B), when new daughter centrioles have reached their full size
[25]; the fluorescence then steadily declined as mitosis
proceeded. This behavior suggests that a pool of DSas-4
is stably incorporated into daughter centrioles as they form
but that some “excess” DSas-4 is recruited during S phase
and then lost during mitosis (Figure 1E). Fluorescence
recovery after photobleaching (FRAP) experiments strongly
supported this interpretation (Figures S1C-S1G).

Previous superresolution microscopy studies have shown
that DSas-4 is tightly concentrated at centrioles in fly cells
and does not spread into the pericentriolar paterial (PCM); it
localizes within an outer ring of Asl that lies at the outer edge
of the centrioles [26, 27]. We confirmed that this was also the
case for the DSas-4-GFP and Asl-GFP fusion proteins in living
embryos using 3D-structured illumination superresolution
microscopy (Figures 1G-1l). Note that our superresolution
images of DSas-4-GFP and Asl-GFP reveal the localization of
the C terminus of both proteins, which are not predicted to
colocalize: the C terminus of DSas-4 interacts with the N
terminus of the centriole cartwheel protein Ana2 [28] and so
would be predicted to lie internally to the C terminus of Asl,
which is what we observe. Thus, we are confident that DSas-
4-GFP is a bona fide marker of centrioles in these embryos.

In contrast to DSas-4, we observed dramatically different
levels of Asl-GFP at the two separating centrioles in early S
phase (Figure 1C, t = 0 s). An analysis with the centriole-age
marker RFP-PACT [29] revealed that the centrosome that
inherited the original mother centriole (hereafter the “old”
centrosome) always exhibited more Asl-GFP than the centro-
some that inherited the original daughter centriole (hereafter
the “new” centrosome) (Figures S2A and S2B). Asl-GFP fluo-
rescence in new centrosomes (Figures 1C and 1D, orange
labels) steadily increased throughout S phase and into mitosis.
Surprisingly, Asl-GFP fluorescence in the oldest centrosomes
(Figures 1C and 1D, blue labels) did not appear to increase at
all, even though these old centrosomes formed new daughters
during this time. This strongly suggests that new daughter
centrioles do not incorporate Asl-GFP while they assemble
and that the incorporation of Asl-GFP we observe at new
centrosomes (orange labels, Figures 1C and 1D) must be
due to incorporation at the new mother centrioles (Figure 1F).
We conclude that although Asl is essential for centriole
duplication [21], Asl-GFP is surprisingly not incorporated into
daughter centrioles as they assemble during S phase but
only starts to be incorporated at about the time they separate
from their mothers at the end of mitosis.

FRAP analysis of Asl-GFP at old centrosomes (where total
GFP fluorescence levels are constant; Figures 1C and 1D)
revealed that Asl-GFP fluorescence recovered after bleaching
but plateaued at ~50% recovery (Figures S2C and S2D).
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Figure 1. Daughter Centrioles Incorporate DSas-4, but Not Asl, during Their Assembly

(A) Fluorescence images from a time-lapse movie show DSas-4-GFP incorporation into newly separated centrosomes over a single cell cycle; time (s)
relative to centriole separation at t = 0 s is indicated. Scale bar, 1 um.

(legend continued on next page)
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Thus, there are two fractions of Asl-GFP at mother cen-
trosomes: ~50% appears to be irreversibly incorporated
(hereafter the “immobile” fraction), while ~50% can still
exchange with the cytosolic pool (hereafter the “mobile”
fraction). Similar results were obtained for new centrosomes,
but this analysis was complicated because new centrosomes
also incorporate additional Asl-GFP protein during the cell
cycle (Figures 1C and 1D and data not shown).

The Initial Incorporation of Asl into Newly Formed
Centrioles Depends on DSas-4

The C-terminal region of Asl can interact with the N-terminal
region of DSas-4 [22], and superresolution microscopy has
revealed that these interacting domains precisely colocalize
at the centriole wall [26]. We therefore tested whether
DSas-4 might be required to recruit Asl to new centrioles at
the end of mitosis.

We injected Texas-red-labeled, affinity-purified antibodies
raised against the N-terminal region of DSas-4 (that should
interfere with the binding of DSas-4 to Asl; Figure S3A) into em-
bryos expressing Asl-GFP. This was done just as the embryos
entered mitosis, when daughter centrioles had fully formed
[25] (and so had incorporated DSas-4) but had not yet sepa-
rated from their mothers (and so had not yet incorporated
Asl). The antibodies bound to the centrioles that were close
to the injection site (Figure 2A, DSas-4 blocked; Figure S3B),
but not to centrioles that were further away from the injection
site (Figure 2A, “control”; Figure S3B). By the time the centri-
oles had separated at the start of S phase (Figures 2B and
S3C), Asl-GFP localized to both old and new centrosomes in
the control region but failed to localize to the new centrosomes
in the DSas-4-antibody-blocked region (Figures 2B and 2C);
importantly, new centrosomes were decorated with anti-
DSas-4 antibodies, indicating that new centrosomes were pre-
sent and the new mother centrioles in these centrosomes had
successfully incorporated DSas-4. We conclude that DSas-4 is
incorporated into new centrioles before Asl and that the anti-
DSas-4 antibodies block the interaction between DSas-4 and
Asl, and so block the subsequent incorporation of Asl into
new centrioles at the end of mitosis (see schematic illustration,
Figure 2B). We cannot formally exclude the unlikely possibility,
however, that the anti-DSas-4 antibodies block the incorpora-
tion of Asl into new centrioles by a mechanism that does not
depend on their blocking the interaction of DSas-4 with Asl.

We noticed that the anti-DSas-4 antibodies did not detect-
ably perturb the localization of Asl-GFP in old centrosomes,
even though their centrioles were decorated with the anti-
bodies (Figure 2B). FRAP experiments indicated that the
mobile fraction of Asl-GFP in old centrosomes continued to
turn over with near-normal kinetics, despite the presence of
the antibodies (Figure S3D). Thus, although anti-DSas-4

antibodies successfully block the initial recruitment of Asl to
new centrioles, they do not block either the recruitment of
the mobile Asl fraction to old centrioles or the maintenance
of the immobile Asl fraction there.

Asl Incorporation Allows Newly Assembled, Disengaged
Centrioles To Duplicate for the First Time

Asl is essential for centriole duplication in flies [21, 30], so we
reasoned that its incorporation into newly assembled centri-
oles might be required to allow them to mature into mothers
competent for duplication in the next cell cycle. To investigate
this possibility, we needed to specifically block the incorpora-
tion of Asl into newly disengaged daughter centrioles. As just
described, injections of anti-DSas-4 antibodies did block this
incorporation (Figures 2A-2C), and we showed previously
that these antibodies also block centriole duplication [17].
Because DSas-4 itself is essential for centriole duplication,
however, we could not be sure that it was the lack of Asl
incorporation into new centrioles that was blocking their
subsequent duplication. We needed to block Asl incorporation
without directly interfering with DSas-4 function.

We therefore used Texas-red-labeled, affinity-purified
antibodies raised against the C-terminal region of Asl, which
should interfere with its binding to DSas-4 (Figure S3A). We
injected the antibodies into DSas-4-GFP-expressing embryos
that were entering mitosis. The antibodies bound to centro-
somes close to the injection site (Figure 2D), and, as the
centrosomes separated at the end of mitosis, DSas-4-GFP
fluorescence was localized to both old and new centrosomes,
indicating that the antibodies did not interfere with the locali-
zation of DSas-4-GFP molecules that had already been incor-
porated into the centrioles at the time of the antibody injection
(Figures 2E and 2F). We noticed, however, that the anti-Asl
antibodies often decorated only one centrosome of the sepa-
rating pair (Figure 2E)—presumably the old centrosome,
because it contains the original mother centriole that would
have already incorporated Asl at the time of the antibody injec-
tion. This finding suggests that the antibodies bind to Asl mol-
ecules in the mother centrioles but also to Asl molecules in the
cytoplasm, thereby blocking their incorporation into the newly
assembled centrioles (see schematic illustration, Figure 2E).

To test whether these newly separated centrioles that
lacked Asl could support centriole duplication, we compared
the incorporation of the centriole marker DSas-4-GFP at old
centrosomes (that have inherited an old mother centriole con-
taining both DSas-4 and Asl) and at new centrosomes (that
have inherited a new mother centriole containing DSas-4, but
not Asl [arrowhead, Figure 2E]). Despite being heavily deco-
rated with anti-Asl| antibodies, old centrosomes incorporated
additional DSas-4-GFP, indicating that mother centrioles
were assembling new daughters (Figures 3 and S3F, blue

(B) Graph shows averaged centrosomal DSas-4-GFP fluorescence (a.u. = arbitrary units) over time from three embryos (>25 centrosomes analyzed in each).

Error bars indicate the SD.

(C and D) Images (C) and graph (D) show Asl-GFP incorporation into newly separated centrosomes, presented as in (A) and (B), respectively. Note that new
centrosomes (orange box and graph) have not reached as high a level of fluorescence as the old centrosomes (blue box and graph) by the end of the cycle;
this is because new centrosomes continue to incorporate some Asl-GFP in the following cell cycle (Figure S2E). For this reason, the analysis of old centro-
somes shown here focuses on older (i.e., brighter) centrosomes that had already reached their full brightness (see Figure S2E legend for more detail).

(E and F) Schematic interpretation of how DSas-4-GFP (E) and Asl-GFP (F) incorporate into centrioles.

(G-l) Three-dimensional structured illumination microscopy (3D-SIM) superresolution images of centriolar DSas-4-GFP (G) or Asl-GFP (l) in living embryos
(see the Supplemental Experimental Procedures for a full explanation of how these data were obtained and analyzed). Scale bars, 0.5 um. (H) Graph shows
the average centriolar fluorescence intensity profiles of DSas-4-GFP (purple, n = 8) and Asl-GFP (blue, n = 24) in 3D-SIM images. Note that in (E), the immobile
fraction of DSas-4-GFP is shown associated with the centrioles, while, for simplicity, the mobile fraction (that subsequently dissociates during mitosis) is
shown tightly surrounding the centrioles based on our localization data (G and H).

See also Figures S1 and S2 and the Supplemental Experimental Procedures.
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Figure 2. The Initial Incorporation of Asl-GFP into Newly Assembled Centrioles Can Be Inhibited with Anti-DSas-4 or Anti-Asl| Antibodies

(A and B) Fluorescence images show two regions (“control” and “DSas-4-blocked”) of an embryo expressing Asl-GFP (green) that has been injected with
Texas-red-labeled anti-DSas-4 antibodies (red) at the start of mitosis (columns | and Il) and several minutes later after the centrioles have separated at the
start of S phase (columns Il and IV). The control region (columns | and lll) is far from the injection site (see Figures S3B and S3C), so no antibodies are detect-
able; the DSas-4-blocked region (columns Il and V) is close to the injection site, and the antibodies bind to the centrioles. The schematic at the top of each
panel illustrates how the DSas-4 antibodies bind to centrioles in mitosis (ll) and block the subsequent incorporation of Asl-GFP into the new centriole at the
start of S phase, but they do not interfere with Asl-GFP localization at the old centriole (IV).

(legend continued on next page)
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Figure 3. Asl Recruitment to New Centrioles Is Required for Their
Duplication

(A) Fluorescence images from a time-lapse movie of an embryo expressing
DSas-4-GFP (green) that has been injected with Texas-red-labeled anti-Asl
antibodies (red); time (s) relative to centriole separation att = 0 s is indicated.
DSas-4-GFP is incorporated into newly separated old centrosomes (blue
arrowheads), even though these centrioles are strongly decorated with
anti-Asl antibodies. DSas-4-GFP is not, however, incorporated into newly
separated young centrosomes (orange arrowheads), even though no anti-
Asl antibodies are detectably binding to these centrosomes. Scale bar, 1 um.
(B) Graph (with explanatory schematic) quantifies the incorporation of
DSas-4-GFP into old anti-Asl-decorated centrosomes (blue line); there is
no incorporation into young Asl-negative centrosomes (orange line). Error
bars indicate the SEM.

See also Figure S3 and the Supplemental Experimental Procedures.

labels). In contrast, even though new centrosomes were not
detectably decorated with anti-Asl antibodies, they did not
incorporate any additional DSas-4-GFP, indicating that these

new mother centrioles could not assemble daughters (Figures
3 and S3F, orange labels). Thus, new centrioles that lack Asl
appear unable to initiate centriole duplication, even though
they have disengaged from their mothers and have passed
through mitosis.

Discussion

Our observations demonstrate that Asl recruitment to disen-
gaged new centrioles has a critical role in allowing these
centrioles to mature into mothers that can duplicate for the
first time. During all subsequent duplication cycles, however,
mother centrioles already contain a pool of immobile Asl,
and this appears to be sufficient to allow subsequent rounds
of duplication, because anti-Asl antibodies block the recruit-
ment of the mobile fraction of Asl to mother centrioles (Fig-
ure S3E) but do not block their duplication (Figure 3). For an
old centriole to duplicate again, therefore, disengagement of
the daughter centriole appears to be the crucial licensing event
that allows reduplication [4, 5, 31], because immobile Asl
incorporation has already occurred. Taken together, our
findings suggest a dual-licensing model in which the recruit-
ment of the immobile fraction of Asl by DSas-4 provides an
irreversible primary license to allow newly formed centrioles
to duplicate for the first time, while centriole disengagement
provides a reduplication license [5] to allow older centrioles
to duplicate again (Figure 4).

How might Asl perform this primary licensing function? In
flies, Asl localizes Sak to centrioles [22], probably explaining
why Asl incorporation is a crucial step in converting a
disengaged daughter centriole into a mother centriole that
can duplicate. Cep152 (human Asl) is also required for the
efficient loading of Plk4 (human Sak) onto centrioles in verte-
brate cells [22-24], although it appears to share this function
with Cep192 (human SPD-2) [32, 33]. Our model is consistent
with superresolution microscopy studies on fixed cells, which
show that Asl/Cep152 is associated with the mother centriole
in an engaged centriole pair [27, 32, 34, 35], suggesting that a
similar model may operate in vertebrates. Although the
primary and reduplication licensing steps are mechanistically
different, we suspect that they share a common purpose: to
provide an Asl platform that is competent to recruit Sak to
initiate daughter centriole assembly (Figure 4).

Our model can explain why only mother centrioles can
support certain types of experimentally induced centriole
reduplication, including that induced by Sak overexpression
[2, 3] or by ablation of one of the engaged centrioles during
an arrested S phase [4]. It can also explain why daughter
centrioles appear to have to be “modified” before they can
support any duplication [5]; our results strongly suggest that
this modification, at least in flies, is Asl incorporation.

How is Asl recruited to centrioles? We speculate that
DSas-4 initially recruits the immobile fraction of Asl, which

(C) The graph quantifies Asl-GFP levels in new centrioles in early S phase in the control region and in the DSas-4-blocked region (n = 16 centrioles from three
injected embryos), as shown schematically above the graph. Error bars indicate the SEM.

(D and E) Fluorescence images show two regions of an embryo expressing DSas-4-GFP (green) injected with Texas-red-labeled anti-Asl antibodies (red),
presented as in (A) and (B) above. The schematics illustrate how the anti-Asl antibodies do not perturb the localization of DSas-4-GFP that is already incor-
porated into the centrioles at the time of antibody injection but bind the endogenous (nonfluorescent) Asl molecules (gray) in the cytoplasm and so block

their incorporation into the new centriole.

(F) The graph quantifies DSas-4-GFP levels in centriole pairs in early S phase in either control or Asl-blocked regions (n = 40 centriole pairs from four
embryos), as illustrated schematically above the graph. Note that we compare centriole pairs instead of individual centrioles in this experiment because
we cannot distinguish old and young control centrioles based on DSas-4-GFP levels alone. Scale bars, 2 um. Error bars indicate the SEM.

See also Figure S3 and the Supplemental Experimental Procedures.
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Figure 4. A Dual Licensing Model of Centriole
Duplication

The schematic diagrams illustrate a centriole
pair, with mother in end-on view (left) and
daughter in side-on view (right), as they pass
through mitosis. The table below illustrates the
state of each centriole in terms of DSas-4 incor-
poration, Asl incorporation, and whether the
centriole has a primary license for its first duplica-
tion or a reduplication license for subsequent
rounds of duplication. In early mitosis, the mother
centriole has incorporated immobile Asl during a
previous cell cycle, which irreversibly provided it
with a primary license, but it is unable to duplicate
again because it lacks a reduplication license,

which it will acquire when it disengages from its
Y4 v4 daughter [4, 5, 37]. The daughter centriole has
incorporated DSas-4, but not Asl, and so it lacks
/ a primary license and cannot duplicate until it
disengages and matures into a mother. In late
mitosis, the centrioles disengage: the mother
/ / centriole thereby acquires a reduplication license
(speculatively illustrated here by a free “patch” of
/ Sak on its side); the separated daughter centriole
cannot duplicate until it starts to incorporate Asl

(shown here occurring in late mitosis/S phase),
which allows it to recruit Sak for the first time. In

Drosophila blastoderm embryos, Asl incorporation starts around the time centrioles disengage at the end of mitosis; because centriole disengagement
is also closely linked to S phase initiation, we cannot tell whether Asl incorporation is triggered by centriole disengagement or by S phase initiation.

then recruits the mobile fraction. This would explain the 50:50
ratio of immobile to mobile Asl (Figures S2C, S2D, S3D, and
S3E). Our finding that anti-Asl antibodies strongly block the
recruitment of the mobile fraction of Asl to mother centro-
somes (Figure S3E) also supports this possibility. It is tempting
to speculate that the mobile fraction of Asl may be important
for the previously described role of Asl in mitotic PCM recruit-
ment [22, 29, 36]. Itis also interesting to note that only very low
levels of Asl seem to be required at new mother centrioles to
allow duplication (Figures 1C and 1D).

It remains to be determined what regulates the interaction
between DSas-4 and Asl such that Asl is only recruited to
daughter centrioles at about the time they separate from their
mothers. We speculate that the phosphorylation state of either
or both proteins could be altered at the end of mitosis, perhaps
increasing the affinity of their interaction. Polo/Plk1 seems to
play a crucial part in resetting the reduplication license at old
centrioles through the regulation of centriole disengagement
[37]; perhaps it also has an important role in the primary
licensing of new centrioles by regulating the interaction
between DSas-4 and Asl.

Supplemental Information

Supplemental Information includes three figures and Supplemental
Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2014.04.023.
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Figure S1. DSas-4-GFP is stably incorporated into growing centrioles during S-
phase and excess DSas-4-GFP is lost from centrioles during mitosis (related to
Figure 1). (A,B) Western blot analyses of embryo extracts shows that, in the embryos
used for our analyses, DSas-4-GFP (A) and Asl-GFP (B) are expressed at similar
levels to the corresponding endogenous protein in wild-type embryos. Representative
blots from 3 independent repeats of each experiment are shown. (C-E) Fluorescence

images from time-lapse FRAP movies show DSas-4-GFP (green in merged panels)



incorporation into newly separated (t=0s) control (non-bleached) centrosomes (C),
centrosomes that were bleached in early S-phase (t=60s) (D), or centrosomes that
were bleached in mitosis (t=600s) (E). The arrows at t=60s identify the centrosome
from the separating pair that was followed in the subsequent panels. These embryos
also expressed the centrosome marker RFP-DSpd-2 (red) so that centrioles could be
followed even after photobleaching. A schematic interpretation of the distribution of
DSas-4-GFP at each time point is shown below each set of fluorescence panels. Scale
bars: lum. (F) Graph shows the quantification through time of DSas-4-GFP
fluorescence levels at non-bleached centrosomes (purple, n=8 centrosomes from 2
embryos), centrosomes bleached in S-phase (brown, n=7 centrosomes from 2
embryos) and centrosomes bleached in mitosis (red, n=4 centrosomes from 2
embryos). The colours of the lines match the colours of the boxes surrounding the
images shown in (C-E). Error bars represent s.e.m. Note how the centrosomes
bleached in S-phase (brown line) show a very similar pattern of incorporation as the
control centrosomes (purple line), although they are less bright, presumably because
the DSas-4-GFP incorporated into the mother centriole does not turn over, and so its
fluorescence has been irreversibly bleached (as depicted in the cartoon in (D)). This
interpretation is supported by the observation that the centrosomes bleached in mitosis
do not detectably incorporate DSas-4-GFP during mitosis. (G) Quantification of
centrosomal DSas-4-GFP fluorescence at the start of the next S-phase for centrosomes
that were unbleached (purple, n = 40 centrosomes from 4 embryos), bleached in the
previous S-phase (brown, n = 26 centrosomes from 4 embryos), or bleached in the
previous mitosis (red, n = 28 centrosomes from 4 embryos). Error bars represent
s.e.m. Note how centrosomes bleached in the previous S-phase are highly asymmetric
in fluorescence, presumably due to the irreversible bleaching of the mother centriole

in S-phase.
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Figure S2. Further characterization of Asl-GFP behavior in living embryos
(related to Figure 1).

(A) Images show the levels of Asl-GFP and RFP-PACT in two newly separated
centrosomes in early S-phase. RFP-PACT fluorescence preferentially marks the older
centriole [1], confirming that the centrosome with the older centriole contains more
Asl-GFP. Scale bar: 1pm. (B) Graph quantifying Asl-GFP fluorescence levels at old
and new centrioles (n=95 centriole pairs from 4 embryos). The old and new centrioles
were distinguished based on RFP-PACT fluorescence. Statistical significance was
calculated using a paired two-tailed t-test. Error bars represent s.e.m. (C,D) Images
(C) and graph (D) show Asl-GFP fluorescence recovery following photobleaching of
the Asl-GFP signal at old centrosomes at the start of S-phase. Time relative to

photobleaching at t=0s is shown under each image. Scale bar: 1um. Note how Asl-



GFP fluorescence recovers to only ~50% of the original pre-bleached levels; as total
Asl-GFP fluorescence levels are not increasing at these centrosomes (Figure 1D, blue
line), this indicates that ~50% of the Asl-GFP is turning over, while ~50% is
immobile. In (D), the averaged fluorescence of 17 centrosomes from 3 embryos is
shown. Error bars represent s.e.m. (E) Graph shows the averaged centrosomal Asl-
GFP fluorescence (a.u.) over two complete nuclear cycles in a representative embryo
(n=7 centrosomes each for old and new centrosomes). Error bars represent s.d.
Multiple embryos were analyzed and they each showed the same qualitative result, a
single embryo is shown for clarity. The graph illustrates how the old centrosomes
(blue) maintain a relatively constant level of fluorescence over time, while the new
centrosomes (orange), gradually accumulate fluorescence over two cycles;
fluorescence levels at these new centrosomes plateau at approximately the same level
as the old centrosomes towards the end of the second cycle. Because new
centrosomes incorporate Asl-GFP over two cycles, if we simply compare the
incorporation of Asl at al/ old and new centrosomes (in an unbiased manner), then the
old centrosomes, on average, slightly increase in fluorescence due to the incorporation
of Asl-GFP into the old centrosomes that are only one cycle old. For this reason, we
only compare Asl-GFP levels in new centrosomes and the brightest (i.e., oldest) old
centrosomes in Figure 1D (and here in Figure S2E), as these oldest centrosomes have
stopped incorporating Asl-GFP. This analysis most clearly reveals that no Asl-GFP is
being incorporated into the newly forming daughter centrioles, as the analysis is not
complicated by the low level of incorporation into mother centrioles that are only one
cell cycle old. Note that, although photobleaching is corrected for in these analyses,
the centrosomes get slightly dimmer during the extended time course of these
experiments (most easily visualized by the slow decline in fluorescence of the oldest
centrosomes (blue) in (E)). This is a consistent feature that we see in extended time
course experiments with many GFP-fusion proteins, and we suspect it occurs because
the autofluorescence of the embryo bleaches more slowly than the GFP fluorescence;
thus, our correction for photobleaching (which is based on photobleaching of the

whole embryo) slightly under-corrects for the photobleaching of GFP.
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Figure S3. Multiple molecular mechanisms contribute to the recruitment of Asl

to centrosomes (related to Figure 2 and Figure 3). (A) Schematic illustration of the

regions of DSas-4 and Asl required for their interaction with each other and for the

interaction of Asl with Sak/Plk4 [2]. Red boxes indicate the regions of DSas-4 and

Asl, respectively, against which the inhibiting antibodies used in our experiments

were raised. (B,C) Images show an example of an embryo antibody injection



experiment. The embryo shown here expressed Asl-GFP (green) and was injected
during mitosis (B) with Texas-Red-labelled anti-DSas-4 antibodies (red) in the
bottom right corner. The centrosomes close to the injection site are exposed to a high
concentration of the antibodies, which binds to the centrosomes; the centrosomes
further away show no detectable antibody signal and serve as internal controls. As the
centrosomes separate in S-phase (C), Asl-GFP is detectable on the new centrosomes
in the control area but not near the injection site, where the anti-DSas-4 antibodies
decorate the new centrosomes—this is more easily seen in the high magnification
images shown in Figure 2A. Scale bar: 10um. (D,E) Images and graphs show Asl-
GFP fluorescence (green) recovery rates following photobleaching of Asl-GFP at old
centrosomes, either in a control area or an area near to the injection site following an
injection of Texas-Red-labelled antibodies against either DSas-4 (D) or Asl (E); near
the injection site, the old centrosomes are decorated with the injected antibodies (red).
The initial recovery rates (fluorescence units/sec, during the first 180s after
photobleaching) are shown in the graphs to the right of the images. The anti-DSas-4
antibodies (D) do not significantly perturb the turnover of mobile fraction of Asl (n=8
centrosomes from 3 embryos; p=0.58), while the anti-Asl antibodies (E) strongly
perturb the turnover of the mobile fraction of Asl (n=8 centrosomes from 3 embryos;
p=<0.0001). Scale bars: 1um. Error bars represent s.e.m. (F) Graph (with explanatory
schematic) showing that old centrioles (that contain Asl—blue) and new centrioles
(that lack Asl—orange) contain similar levels of DSas-4-GFP fluorescence at the time
when they first separate and start duplication in early S-phase. Later in S-phase, the
old centrosomes (b/ue) have incorporated additional DSas-4-GFP, indicating that new
daughter centrioles have started to assemble, despite the presence of the anti-Asl
antibodies; in contrast, the new centrioles (orange) have not incorporated any
additional DSas-4, indicating that they are not assembling new daughter centrioles
(n=20 centrosomes from 2 embryos for each category). Time relative to centriole
separation at t=0 is shown in brackets under the graph. Statistical significance was
calculated using a paired two-tailed #-test for each comparison. Error bars represent

S.C.m.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Fly strains and genetics. The Asl-GFP [3] and RFP-PACT [4] constructs used in this
study have been described previously. The DSas-4-GFP construct was made by
cloning the genetic region of dsas-4, from 2kb upstream of the start codon up to the
stop codon, into the pUAST-GFPCT vector (Drosophila Genomics Resource Centre,
pTWG-1076). The RFP-DSpd-2 construct was generated by cloning the dspd-2
coding sequence into the pWUbq-RFP(NT) [4] Gateway vector. Transgenic lines
were generated at the Department of Genetics, University of Cambridge. For all
experiments, Asl-GFP was expressed in an as/”* genetic null mutant background (in
which the 5> UTR as well as the first 1775 bp of the as/ coding region have been
deleted — Janina Baumbach, A. W., Z.A.N. and J. W. R., manuscript in preparation),

while DSas-4-GFP was expressed in a sas4">>"*

mutant [5] background.

Microscopy. 1-2h old living embryos were dechorionated by hand on sticky tape,
mounted on a thin film of glue (sticky tape dissolved in heptane) on a glass bottom
dish, covered with Voltalef oil and imaged immediately at 22°C. For all imaging
experiments shown in this study, with the exception of the super resolultion analysis,
embryos were imaged on a Perkin Elmer ERS Spinning Disc confocal system on a
Zeiss Axiovert microscope (using a 63x, 1.4NA, oil objective and a charge-coupled
device camera: Orca ER, Hamamatsu Photonics). 15-17 confocal sections (0.5pum
steps) were collected every 20 seconds. For photobleaching the GFP signal of
individual centrosomes, a focused 488nm (when imaging GFP alone) or 440nm laser
(when imaging Texas Red or RFP together with GFP) was used. For super resolution
analyses (Figure 1 G-I) living embryos were imaged on OMX V3 (GE Healthcare,
USA) system (60x, 1.35NA oil objective). 20-23 optical sections were collected to

create each image (0.125um steps).

Image analysis. All images acquired on the Perkin Elmer ERS Spinning Disc
confocal system were analysed using Volocity software (Perkin Elmer, USA). To
evaluate the changes in Asl-GFP or DSas-4-GFP fluorescence levels during the
mitotic cycle, centrosomal fluorescence was calculated as a sum intensity of every
centrosomal voxel for each channel (a centrosomal voxel was defined as having an

intensity >4.5 standard deviations (SDs) above the mean intensity of all voxels within



the image; this setting was chosen because it selects centrosomal pixels most
accurately as judged by eye while allowing consistent thresholding of centrosomal
pixels above background fluorescence). Cytoplasmic background fluorescence was
then subtracted from centrosomal fluorescence values (background fluorescence
within centrosome at timepoint n = mean cytoplasmic fluorescence in timepoint n *
number of centrosomal voxels in timepoint n). At each time point centrosomal
fluorescence values were corrected for bleaching during sampling using the following
method: corrected centrosomal fluorescence at timepoint n = centrosomal
fluorescence at timepoint n / (total fluorescence of image at timepoint n/total
fluorescence of image at timepoint 1). For DSas-4-GFP, >20 centrosomes were
analysed in each of 12 embryos in total (3 embryos (>25 centrosomes each) shown in
Figure 1B). For Asl-GFP, 15-25 centrosomes were analysed from each of 10 embryos

in total (3 embryos (>15 centrosomes each) shown in Figure 1D).

For comparing Asl-GFP or RFP-PACT levels of centrosomes in S-phase (Figure
S2B), centrosomal fluorescence was calculated as described above and then local
cytoplasmic background fluorescence was subtracted from these values. Fluorescence

values of old and young centrosome pairs were compared using a paired #-test.

To measure centrosomal Asl-GFP or DSas-4-GFP levels in all antibody-injection
experiments (Figures 2C,F; 3B; S3F) or any FRAP experiments (Figures S1F,G; S2D;
S3D,E), centrosomal fluorescence was calculated using a different method: we
measured the total GFP fluorescence in a boxed region centered around the brightest
centrosomal voxel and subtracted the local cytoplasmic background fluorescence.
Fluorescence values of inhibited and control centrosomes (Figure 2C,F) were
compared using a t-test (unpaired). To compare Asl-GFP fluorescence recovery in all
antibody-injection experiments (Figure S3D,E) the initial rate of Asl-GFP recovery
was calculated by linear regression analysis on fluorescence values measured during
the first 180 seconds after photobleaching (10 measurements). A total of 8
centrosomes were analysed from 3 embryos for each group, and recovery rates were
compared using a t-test (unpaired). To assess DSas-4-GFP recruitment to centrosomes
following Asl inhibition, >25 centrosome pairs were analysed from 3 embryos in
total. All 3 embryos showed the same qualitative result; in Figure 3B, data from a

single embryo (10 Asl-positive and 10 Asl-negative centrosomes) is shown, as the



continuous tracking of Asl-negative centrosomes in the other embryos was more
affected by the defective separation and movement of these centrosomes (most likely
due to the recruitment of only minimal amounts of PCM in the absence of Asl), in
Figure S3F 20 Asl-positive and 20 Asl-negative centrosomes are shown in early (0
sec) and late S-phase (140 sec later), from 2 embryos. Fluorescence values were

compared using a paired #-test.

In all graphs that display data collected from individual embryos (Figure 1B,D; Figure
3B, Figure S2E) the error bars represent s.d., while in all graphs that display data
pooled from multiple embryos (Figure 2C,F; Figure S1F,G; S2B,D; Figure S3D,E,F)

the error bars represent s.e.m.

All super-resolution images acquired on the OMX V3 system were processed and
reconstructed using SoftWorx software. For further analyses, Image J software was
used for plotting the distribution of DSas-4-GFP and Asl-GFP within centrosomes.
Images were processed as maximum intensity projections; each pixel of the image
was sub-divided into 10x10 pixels before the radial intensity profile was calculated
from the centre of each centrosome to a 1um radius; n psas.4.grp = 8 centrosomes; n Al
crp = 24 centrosomes. Note that in our analysis of DSas-4-GFP the improved
resolution allowed us to visualize centriole pairs at virtually all stages of the cell
cycle. For ease of presentation, however, we present an image in Figure 1G where one
centriole was below the plane of the other centriole, allowing us to obtain a maximum
intensity profile through a single centriole; the average fluorescence intensity profile
presented in Figure 1H was obtained from 8 such centrioles. This was not necessary
for our analysis of Asl-GFP, as the ring of Asl-GFP was only detectable around one
centriole (the mother) in each pair. Note that this super-resolution imaging leads to
very rapid bleaching of DSas-4-GFP and Asl-GFP, so we could not perform high

quality time lapse super-resolution imaging.

In all experiments, cell cycle stage was determined based on the timing of centrosome
separation (indicating the start of S-phase) and nuclear envelope breakdown (NEB)

(indicating the start of mitosis).



With the exception of Figure 1G,I all fluorescent images shown were obtained after
3D rendering of image data in Volocity, and the Volocity ‘smooth zoom filter’ was
applied to all images. Images shown in Figure 1G,I are maximum intensity

projections generated in Image J software with no filter applied.

Antibody injections. Anti-DSas-4 [5] or anti-Asl [1] antibodies used for immuno-
inhibition experiments were covalently coupled to Texas Red as described previously
[6]. The antibodies were injected into embryos at the onset of mitosis. Embryos were
imaged immediately following antibody injection using the spinning disc confocal
system described above. For FRAP experiments 3-4 old centrosomes were bleached
in S-phase both on the side of the embryo closest to the injection site (antibody-
blocked) and the side furthest form the injection site (control). Data shown was
collated from at least 3 embryos for each experiment (see image analysis section
above). We have shown previously that the injection of control IgG antibodies does
not detectably interfere with the centrosome cycle or with any other aspect of embryo
development [6], and have also shown examples where injected anti-centrosomal
antibodies that were bound to centrosomes did not detectably perturb centrosome

function [1].

Analysis of protein levels in whole embryo lysates. Embryos were dechorionated by
bleach and then fixed in methanol containing 2mM EGTA, incubated in methanol at
4°C for at least 24h, then re-hydrated in PBS+0.1% Triton X-100. 20 embryos were
selected manually and homogenized in a total volume of 25ul SDS sample buffer.
10ul of each sample was separated on 3-8% NuPAGE acrylamide gels (Invitrogen)
and then transferred to nitrocellulose membranes (0.2um pore size, BIO-RAD).
Membranes were blocked for 1h at room temperature in blocking solution (PBS+4%
milk powder+0.1% Tween-20) before incubation with the primary antibody for 1h at
room temperature (antibodies were diluted to 1-5ng/ml in blocking solution).
Membranes were washed in PBS+0.1% Tween-20 and incubated with horseradish
peroxidase-conjugated secondary antibody (GE Healthcare, diluted 3000-fold in
blocking solution) for 45 minutes at room temperature. Following washing in
PBS+0.1% Tween-20 membranes were incubated with enhanced chemiluminescent
substrate for 1 minute (Thermo Scientific, #34095, diluted 2-5 -fold) and exposed to
X-ray film.
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