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Summary
The recycling endosome localizes to a pericentrosomal region via microtubule-dependent
transport. We previously showed that Sec15, an effector of the recycling endosome component,
Rab11-GTPase, interacts with the mother centriole appendage protein, centriolin, suggesting an
interaction between endosomes and centrosomes (1, 2). Here we show that the recycling
endosome associates with the appendages of the mother (older) centriole. We show that the
mother centriole appendage proteins, centriolin and cenexin/ODF2, regulate association of the
endosome components Rab11, the Rab11 GTP-activating protein Evi5, and the exocyst at the
mother centriole. Development of an in vitro method for reconstituting endosome protein
complexes onto isolated membrane-free centrosomes demonstrates that purified GTP-Rab11 but
not GDP-Rab11 binds to mother centriole appendages in the absence of membranes. Moreover,
centriolin depletion displaces the centrosomal Rab11 GAP, Evi5, and increases mother-centriole-
associated Rab11; depletion of Evi5 also increases centrosomal Rab11. This indicates that
centriolin localizes Evi5 to centriolar appendages to turn off centrosomal Rab11 activity. Finally,
centriolin depletion disrupts recycling endosome organization and function suggesting a role for
mother centriole proteins in the regulation of Rab11 localization and activity at the mother
centriole.

Results and Discussion
The exocyst, Evi5, and Rab11 localize to mother centriole appendages

The mother centriole protein, centriolin, interacts with the exocyst subunit Sec15 (1), a
known effector of the recycling-endosome GTPase, Rab11 (2, 3). Because centriolin
localizes to subdistal appendages of the mother centriole (1, 4), we asked if recycling
endosome components co-fractionated with isolated centrosomes (see methods, (5)).
Sucrose fractions prepared for immunoblotting showed that the endosome components
Sec15, Rab11, and the Rab11 GTPase, Evi5 (6-8) were enriched in fractions defined by the
centrosome components γ-tubulin, centriolin, and pericentrin (Figure S1A, (5)). The ability
of these endosomal proteins to associate with isolated centrosomes demonstrated that they
were bona fide centrosome components.

Centrosome localization of endosome-associated proteins was initially observed in cells
(e.g. Sec15, Sec6, Rab11, and the Rab11 GTPase, Evi5, Figure S1D). To more precisely test
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for mother centriole localization, we examined centrosome fractions from sucrose gradients
that were spun onto coverslips and prepared for immunofluorescence. Quantitative analysis
showed a significant fraction of Rab11 (90%), Sec15 (90%), Exo84 (50%) and Evi5 (20%)
at the mother centriole (Figure 1A, 1B). These results are likely an under-representation, as
only centrosomes with exclusive localization to the mother centriole were scored. In
contrast, neither Rab8, another GTPase with recycling endosome localization (9), nor the
Rab11 effector, FIP3 (10, 11) showed significant localization to isolated centrosomes
(Figure 1B). It is possible that these proteins may associate, but are less integral and lost in
the purification process.

We examined mother centriole appendages role in anchoring endosome-associated
components. Cenexin/Odf2 is a mother centriole appendage protein, whose depletion
specifically disrupts the integrity of appendages, but does not affect overall centrosome
structure ((12), Figure 1D, and S1C, D). Cenexin depletion (Figure 1C) mislocalized the
appendage protein centriolin, ((12, 13), Figure 1D) as well as Rab11, Evi5, and the exocyst
components Sec15 and Sec6 (Figure 1D, quantification in S1B, C). This phenotype was
observed in both isolated centrosomes (Figure 1D) and centrosomes in situ (Figure S1D). In
parallel studies, centriolin depletion (1) did not affect cenexin localization (Figure S1C). We
conclude that several endosome-associated components (Rab11, Evi5, and the exocyst
subunits Sec15 and Sec6) require appendages for their localization to the mother centriole.

Centriolin regulates exocyst and Evi5 mother centriole localization
To understand the molecular organization of endosome components at mother centriole
appendages we tested centriole-appendage-localization following depletion of appendage or
endosome proteins. Centriolin depletion diminished the centrosome localization of the
exocyst subunits Sec15, Sec6, and Exo84, as well as Evi5 (Figure 2A). In contrast, depletion
of Evi5 (Figure 2A, S2C), Rab11 (Figure 2A, S2A) or Sec15 (data not shown) had no effect
on centrosome localization of centriolin, confirming centriolin-anchoring of these molecules
(Figure 2A).

We next tested the requirement of centriolin for Sec15 mother centrosome localization using
a competition assay (Figure 2B, S2B). When expressed in cells, the centriolin Nud1 domain,
previously shown to interact with Sec15 (1), decreased mother-centriole-associated Sec15 in
isolated centrosome preparations (2-fold, Figure 2B). In contrast, the centriolin C-terminus,
which does not interact with Sec15 (1), had no significant effect. Taken together, these
findings suggest a hierarchy of centrosome organization, where cenexin and appendages
anchor centriolin, which, in turn, anchors Sec15 and Evi5 (Figure 2A).

We confirmed that myc-tagged-Evi5 coimmunoprecipitated Rab11(7, 8), as well as the
exocyst subunit, Exo84 and centriolin (Figure S2D). Thus, the molecular organization of this
subcomplex at the centrosome was examined. Sec6 depletion caused the expected decrease
in centrosome-associated Sec6 and Sec15, suggesting exocyst complex disruption (Figure
2C). Moreover, exocyst disruption mislocalized Evi5 from centrosomes (Figure 2C). In
contrast, Evi5 depletion had no effect on centrosome association of the exocyst (Figure 2A)
suggesting that the centriolin-bound-exocyst anchors Evi5 at centrosomes (Figure 2D). We
conclude that centriolar-appendage-bound centriolin anchors the exocyst and Evi5.

Rab11 activity governs its association with mother centriole appendages
The dependency of Rab11 on cenexin (Figure 1D) for its localization to the mother
centriole, suggested that these proteins might interact. This idea was supported by related
data showing that a cenexin splice variant, cenexin-3, which localizes to the primary cilium,
interacts with Rab8-GTP (14). Rab8 and Rab11 share certain effectors that include the
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exocyst subunit Sec15 (2), and they may share others. Immunoprecipitated Rab11 pulled
down full-length endogenous cenexin. In a reciprocal experiment, cenexin
immunoprecipitation pulled down Rab11 (Figure S3A). In addition, full-length cenexin
expressed in cells and a C-terminal cenexin domain (GFP-T6) interacted with Rab11, but an
N-terminal domain did not (GFP-T3), (Figure S3B). To our knowledge, this is the first
demonstration of an interaction between the endosome protein, Rab11, and the centrosome
appendage protein, cenexin. This interaction may provide the structural and functional link
between the endosome and centrosome.

We tested whether the GTP/GDP state of Rab11 plays a role in its ability to associate with
cenexin (Figure S3C) and more importantly, the mother centriole (Figure 3A, S3D). Cenexin
showed a significant preference for the constitutively-active Rab11 (Q70L) compared to the
dominant negative form (Rab11-S25N), (Figure S3D). Immunoflourescence staining of
isolated centrosomes from cells expressing Rab11 (Q70L) and wild-type Rab11 showed
colocalization with the mother centriole ~80% of the time, compared with ~20% for the
dominant-negative Rab11 (S25N, Figure S3D).

Based on these findings, we developed an in vitro assay for reconstituting endosome protein
complexes on isolated centrosomes to test for direct binding of purified bacterially-
expressed GST-Rab11 to centrosomes in the absence of microtubules and membranes. We
found that GST-Rab11 coupled to the GTP analog, GTPγS, showed increased binding to the
mother centriole compared to GST-Rab11 coupled to GDP (2.5-fold, Figure 3A).
Importantly, binding of GST-Rab11-GTPγS to isolated centrosomes was inhibited in cells
depleted of cenexin (Figure 3A). These biochemical and morphological data show that GTP-
bound Rab11 preferentially associates with the mother centriole, through cenexin.

To assess the role of Rab11 activity in mother centriole association, a centrosome-localized
Rab11 GAP, Evi5 (6-8), was depleted from cells ((15), Figure S2C). Evi5 depletion
significantly increased Rab11 (Rab11-GTP) at the mother centriole (Figure S3E). We
showed that this was due to Evi5 GAP activity by comparing the amount of active-Rab11 in
Evi5 depleted cells compared to control (Figure S4D). In a reciprocal experiment, an MBP-
tagged bacterially expressed Evi5 N-terminal GAP domain (MBP-Evi5N) ((16, 17), Figure
3B) was purified and added to isolated centrosomes. This induced a decrease in endogenous
mother centriole-associated Rab11 (vs., MBP alone, Figure 3B). Taken together, the
increase in active Rab11 at the mother centriole: 1) in the in vitro Rab11 centrosome binding
experiments (Figure 3A), 2) in cells depleted of Evi5 (Figure S3E), and 3) in cells
expressing Rab11 mutants (Figure S3D) provides strong evidence for a model in which the
association of Rab11 with the mother centriole appendages is specific and enhanced when
the GTPase is in its active, GTP-bound state.

We examined the relationship between Rab11 and Evi5. Earlier, we showed that Evi5 is
mislocalized from mother centriole appendages upon cenexin- or centriolin-depletion
(Figure 1D, 2A). In contrast, Rab11 is mislocalized from appendages only in cenexin-
depleted cells (Figure 1D, 2A). When isolated centrosomes were prepared from centriolin-
depleted cells lacking Evi5 (Figure 3C), there was a significant mother-centriole-specific
increase in Rab11 levels (Figure 3C). We propose a model where Evi5 bound to cenexin
through centriolin regulates the activity of cenexin-bound Rab11 at the mother centriole and
possibly endocytic recycling (Figure 3D).

Endosomes are organized around mother centriole appendages and their recycling
activity requires centrosome-associated endosome proteins

We have shown that endosome proteins localize to mother centriole appendages. We next
asked if centrosome-anchored endosome components regulate endosome organization and
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function. We examined endosome organization at the centrosome by labeling endosomal
compartments with transferrin (Tfn)-HRP (see methods) and examined the electron-dense
Tfn-HRP reaction product by transmission electron microscopy (TEM). We found that
endosomes were primarily localized to one centriole (Figure 4A). Moreover, most were
organized into multiple discrete elongated periodic structures around the distal aspect of one
centriole, ultrastructural features highly reminiscent of subdistal appendages (Figure 4A,
white arrows), (4, 18, 19). In fact, the majority of microtubules emanating from this
centriole was consistent with the unique microtubule anchoring function of mother centriole
subdistal appendages (Figure 4A), (19, 20). Other Tfn-labeled compartments were organized
into linear assemblies of vesicles and tubules in the pericentrosomal area (Figure 4A, B
black arrowheads), suggestive of vectorial transport of endosomes to and from the mother
centriole.

To test the role of centrosome-anchored endosome components in endosome recycling, we
first examined Tfn-recycling in a pulse-chase experiment ((21), Figure 4C, D). Depletion of
centriolin had no detectable effect on microtubule organization or centrosome integrity
(Figure S4A, (4)), but increased the rate of Tfn recycling (Figure 4C, 4D). Initially, there
was no observable difference in the amount of Tfn in cells (0 to 10 minutes), but from 20 to
40 minutes centriolin depleted cells contained less Tfn (Figure 4D). In contrast, cenexin
depletion decreased Tfn recycling and caused Tfn to accumulate in a juxta-centrosome
recycling endosome.

Inspection of centriolin-depleted cells revealed an increase in Rab11 immunofluorescence
intensity at centrosomes compared with controls (Figure S4B). There were no gross defects
in early endosome (Figure S4A) or transferrin receptor organization (Figure S4A),
suggesting that centriolin depletion selectively disrupted Rab11 localization in cells. To test
for Rab11 activity changes we used two approaches. We isolated a membrane fraction as a
readout of GTP-bound Rab11 (22). We also immunoprecipitated active-Rab11 using a cell
line expressing its effector GFP-FIP3 (10). In both cases, centriolin depletion increased
Rab11 (~2-fold, Figure S4C, D), consistent with an increased amount of active-GTP-bound
Rab11.

We propose that centriolin depleted cells lose Evi5 causing active Rab11 to be retained on
centrosomes (Figure 3C) causing an increase in centrosome-bound Rab11-GTP (Figure 3C,
S4B). We suggest that the enhanced recycling (Figure 4D) is due to an increase in the ability
of the centrosome-bound fraction of Rab11 to recycle cargo from the recycling endosome to
the plasma membrane at a faster rate. In contrast, cenexin depletion inhibits the ability of
Rab11 to recycle endosomes (Figure 4D) due to loss of appendage-bound Rab11 (Figure
1D). These findings support and add to our in vitro binding studies by illustrating that the
association of Rab11 with the mother centriole is important for efficient recycling through
the juxta-centrosomal recycling endosome.

In conclusion, it has been known for some time that recycling endosomes are found in the
pericentrosomal area and are influenced by Rab11 activity. However, little is known about
the relationship between these juxtaposed organelles at the structural, molecular or
functional level. Here we show that the appendages of the mother centriole and recycling
endosomes are in intimate contact (Figure 4A, B). We show that Rab11 and its effector,
Evi5, are linked to the centriolar appendages through the centrosome proteins cenexin and
centriolin (Figure 1 and 2). This is the first evidence for a novel centrosome-anchored
molecular pathway for the inactivation of Rab11 and regulation of endosome recycling
through a complex series of protein interactions and activities.
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The discovery of a structural association between the endosome and the centrosome with
complex molecular underpinnings has new and unexpected implications for recycling
endosome function. This new liaison has additional implications for a variety of biological
processes including cilia formation and function (9, 23), asymmetric cell division (24-27)
and cell polarity (28, 29). It is also likely that centrosome function will itself be influenced
through its association with the endosome, although this has yet to be explored. The latter
brings up an intriguing question: Do recycling endosomes bound to centrosomes impart
properties to centrosome activities, known and new? One result that suggests this might be
the case is the dual role of Dynamin-2 in both vesicle formation and centrosome cohesion
(30). Thus, it is also possible that Rab11 and other centrosome-bound endosome associated
molecules may play dual roles in endosome and centrosome function. This observation and
the endosome-centrosome connection, lead us to speculate that the centrosome may directly
associate with other (membranous) organelles, such as the Golgi apparatus or endoplasmic
reticulum, generating a new repertoire of previously unappreciated combined functions for
both organelles. Future investigations will be required to test these ideas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MTOC microtubule organizing center

GAP GTPase-activating protein

Tfn Transferrin

TfR Transferrin Receptor

PCM pericentrosome material

DAB 3,3’-diaminsobenzidine-HCl

TEM Transmission Electron Microscope

GEF Guanine Nucleotide Exchange Factor

Nuf Nuclear Fallout

FIP3 Family of Rab11-interacting proteins 3
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Highlights

• Endosome-proteins localize to centrosomes independent of membranes.

• Rab11 and its modulators localize to mother centriole appendages.

• Mother centriole appendages regulate membrane recycling through Rab11.
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Figure 1. Recycling endosome components associate with appendages of the mother centriole
(A) Membrane-free centrosomes were isolated from cells expressing centriolin-mVenus
(green), spun onto glass coverslips (31) and stained for centrosomes (5051, blue) and Rab11
(red). Rab11 co-stained with centriolin-mVenus, which was concentrated on the mother
centriole (4). Merge of 5051, centriolin-mVenus, and Rab11 signals shown in white. Bar, 1
μm.
(B) Percentage of Sec15, Rab11, Exo84, Evi5, FIP3, Rab8, centriolin, and 5051 that localize
to isolated centrosomes (both centrioles) and concentrate on the mother centriole (as in A),
(n=3 independent experiments, Bar is SE, 150 centrosomes/bar).
(C) Cell lysates from cells treated with lamin (control) or cenexin siRNAs show cenexin
depletion and no significant changes in the levels of other proteins.
(D) Isolated centrosomes (as in A) from cells depleted of cenexin or lamin were stained for
centrin (green), Sec15 (red), Rab11 (red), Evi5 (red), centriolin (red), and cenexin (red).
Bottom images show centrin.
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Figure 2. Centriolin regulates the centrosomal localization of the exocyst and Evi5
(A) Cells stably expressing centriolin-mVenus (green) were stained for Sec15 (red). Bar, 10
μm. Below, the percent of cells with centrosome (5051) localized Sec15, Sec6, Exo84,
Rab11, Evi5, Centriolin, or Cenexin was calculated in cells treated with siRNAs targeting
lamin, Rab11, centriolin, or Evi5. (n=3 experiments, n=50 centrosomes/treatment/
experiment. Bar is SE.)
(B) Centrosomes isolated from cells expressing GFP, GFP-Nud1, or GFP-C-terminus were
stained for centrin (green) and Sec15 (Red). Right, fold-change of Sec15 on isolated
centrosomes was calculated (n=3 experiments, p<0.02, n>25 centrosomes/treatment. Bar is
SE).
(C) Left, exocyst disruption (Sec6 depletion) diminishes Evi5 and Sec15 signal at
centrosome. Right, quantification of percent of cells with no centrosome localization (n=3
experiments, * p-values <0.02, bar is SE). Lamin depletion was used as control.
(D) Proposed structural model for the hierarchy of molecular anchoring at the mother
centriole: 1) cenexin anchors centriolin at the appendages of the mother centriole 2)
centriolin anchors its binding partner the exocyst 3) the exocyst anchors Evi5 which is a
known binding partner of Rab11-GTP and its proposed GAP.
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Figure 3. Membrane-free Rab11-GTP specifically associates with cenexin at mother centrioles
(A) Isolated centrosomes from GAPDH- or cenexin-depleted cells were incubated with
purified GST-Rab11-GTPγS or GST-Rab11-GDP, spun onto glass coverslips and stained for
centrin (green) and GST (red). Below, GST intensity at centrosome was calculated.
Representative of n=3 experiments, n>100 centrosomes/condition. P-value is p<1*10-4

between Rab11-GDP and Rab11-GTPγS in control cells, Bar is SE.
(B) Isolated centrosomes were incubated with purified MBP or MBP-Evi5N, spun onto glass
coverslips, stained for Rab11 (green), MBP (blue), or centrin. Below, Rab11 intensity at
centrosome was calculated. Representative of n=3 experiments, n>30 centrosomes/
condition. P-value is p<1*10-4. Bar is SE.
(C) Isolated centrosomes from cells depleted of centriolin were stained for centrin (red),
Evi5 (green), and Rab11 (green). Bar, 1 μm. Below, Rab11 (grey) or Evi5 (green) intensity
at the centrosome was calculated. Representative of n=3 experiments with p-value <1×10-4,
n>50 centrosomes/treatment/experiment, Bar is SE.
(D) Model for regulating Rab11 activity at the mother centriole. Cenexin organizes
centriolin, Exocyst, and Evi5. The mother centriole localization of Evi5 can then act on
Rab11-GTP and convert it to inactive Rab11-GDP.
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Figure 4. Mother centriole appendage protein depletion disrupts recycling endosome function
(A) TEM of cells after endocytosis of Tfn-HRP-DAB, showing reaction product around the
mother centriole and concentrated near appendages (4 small white arrows right panel).
Arrowheads (black) depict “trails” of Tfn in left and right panels. Bar, 1 μm.
(B) Image of a single centriole with electron-dense Tfn-HRP-DAB filled endosomes
emanating from what appear to be centriole appendages (small white arrows indicate
appendages; large black arrowheads indicate “endosome trails” of Tfn). Bar, 500 nm.
(C-D) Cells were treated with centriolin shRNA, non-targeting (NT) shRNA (control), or
cenexin shRNA.
(C) Cells were incubated with Alexa Fluor 594-conjugated Tfn (red) and chased for up to 60
minutes with non-conjugated Tfn. Cells were fixed at the indicated times. Insets show cells
with GFP-shRNA expression.
(D) Biotinylated-Tfn filled cells were chased with non-conjugated Tfn for indicated times.
Biotinylated-Tfn levels were quantified by densitometry (The difference between NT-
shRNA and centriolin shRNA or cenexin shRNA at 40 minutes is statistically significant, p-
value <0.05, n=3 experiments, bar is SE).
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