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Microtubules in animal cells assemble (nucleate) from both
the centrosome and the cis-Golgi cisternae. A-kinase anchor
protein 350 kDa (AKAP350A, also called AKAP450/CG-NAP/
AKAPY) is a large scaffolding protein located at both the centro-
some and Golgi apparatus. Previous findings have suggested
that AKAP350 is important for microtubule dynamics at both
locations, but how this scaffolding protein assembles microtu-
bule nucleation machinery is unclear. Here, we found that
overexpression of the C-terminal third of AKAP350A,
enhanced GFP-AKAP350A(2691-3907), induces the forma-
tion of multiple microtubule-nucleation centers (MTNCs).
Nevertheless, these induced MTNCs lacked “true” centriole
proteins, such as Cep135. Mapping analysis with AKAP350A
truncations demonstrated that AKAP350A contains dis-
crete regions responsible for promoting or inhibiting the for-
mation of multiple MTNCs. Moreover, GFP-AKAP350A
(2691-3907) recruited several pericentriolar proteins to
MTNCs, including vy-tubulin, pericentrin, Cep68, Cepl170,
and Cdk5RAP2. Proteomic analysis indicated that
Cdk5RAP2 and Cep170 both interact with the microtubule
nucleation-promoting region of AKAP350A, whereas Cep68
interacts with the distal C-terminal AKAP350A region.
Yeast two-hybrid assays established a direct interaction of
Cep170 with AKAP350A. Super-resolution and deconvolu-
tion microscopy analyses were performed to define the asso-
ciation of AKAP350A with centrosomes, and these studies
disclosed that AKAP350A spans the bridge between centri-
oles, co-localizing with rootletin and Cep68 in the linker
region. siRNA-mediated depletion of AKAP350A caused dis-
placement of both Cep68 and Cep170 from the centrosome.
These results suggest that AKAP350A acts as a scaffold for fac-
tors involved in microtubule nucleation at the centrosome and
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coordinates the assembly of protein complexes associating with
the intercentriolar bridge.

Centrosomes are the major microtubule-organizing centers
(MTOCs)? in eukaryotes. The architecture of centrosomes was
revealed by electron microscopy, which determined that in
human cells centriole cylinders are organized as nine triplets of
microtubules (1-3). Each centrosome contains two centrioles
that are surrounded by an electron-dense protein mass, de-
signated the pericentriolar material or matrix (PCM), which
appears as a cloud under the electron microscope. Centrioles
are functionally asymmetrical (4, 5), and only the older
“mother” centriole has subdistal appendages and therefore is
capable of anchoring microtubules in interphase. Moreover, only
the mother centriole can originate a primary cilium through
attachment of distal appendages to plasma membrane. The
mother centriole is associated with more abundant PCM (6).
Recent proteomics studies of isolated centrosomes determined
that PCM contains more than 100 different proteins (7, 8). Despite
the amorphous appearance on electron micrographs, additional
careful analysis of the spatial organization of some PCM proteins
using subdiffraction imaging has revealed that the PCM has more
structured organization than it was generally believed (9, 10).

The A-kinase anchoring proteins (AKAPs) were discovered
as protein kinase A (PKA) anchors that establish localized
cAMP/PKA signaling through sequestration of PKA, but they
play many other roles in protein scaffolding (11, 12).
AKAP350A/AKAP450/CG-NAP/AKAPY is associated with
both centrosomes and the Golgi apparatus (13—15) and also
contributes in the stress response (16, 17). Centrosomes are the
major MTOC:s in eukaryotes. However, recently the role of the
Golgi apparatus in microtubule nucleation has also become
apparent. Nucleation of microtubules at Golgi apparatus
depends on recruitment of AKAP350A by the cis-Golgi pro-
tein gm130 (18, 19). AKAP350A modulates microtubule stabil-

2The abbreviations used are: MTOC, microtubule-organizing center; EGFP,
enhanced GFP; MTNC, microtubule-nucleation center; PCM, pericentriolar
material or matrix; CTD, centrosome targeting domain; MudPIT, multidi-
mensional protein identification technology; 3D-SIM, three-dimensional
structured illumination microscopy; PCC, Pearson’s correlation coefficient;
PO, propylene oxide; PFA, paraformaldehyde; yTuRC, y-tubulin ring com-
plex; PACT, pericentrin-AKAP450 centrosomal targeting.
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ity and outgrowth from the centrosomes. The depletion of
AKAP350 by siRNA delayed microtubule re-growth from the
centrosome after nocodazole-induced depolymerization (20).
Interestingly, depletion of AKAP350A also induced activation
of cdc42 during microtubule re-growth (20). AKAP350 is
critical for microtubule nucleation at the Golgi apparatus and sta-
bilization of microtubules at the centrosome (18). Depletion of
AKAP350 also led to diminished formation of the nucleus—
centrosome—Golgi axis and defective cell migration (21).
AKAP350 together with kendrin may support microtubule
nucleation by anchoring the y-tubulin ring complex (yTuRC)
at the centrosome (22). Association of AKAP350 with the cen-
trosome is critical for centrosome reproduction, and displace-
ment of endogenous AKAP350 from the centrosome by over-
expression of the C terminus of AKAP350 (AKAP350CTD,
centrosome targeting domain) impairs centriole duplication
(23). Depletion of AKAP350 also inhibits G,/S transition and
centrosome duplication (24). AKAP350 scaffolds Cdk2 to the
centrosome, and AKAP350CTD increases centrosomal Cdk2
activity (24). Furthermore, overexpression of AKAP350CTD
enhanced nucleophosmin phosphorylation by Cdk2 (24). All of
these findings suggest that AKAP350 plays an important role in
both centrosomal and Golgi microtubule dynamics.

In this study, we discovered that expression of the C-terminal
third of AKAP350A induced supernumerary MTNCs, suggest-
ing a role for AKAP350A in initiation of microtubule nucle-
ation. We have identified distinct regions within AKAP350A
that are accountable for promotion or inhibition of the creation
of multiple MTNCs. Using a proteomics approach, we identi-
fied components of a centrosomal AKAP350A-scaffolded com-
plex containing cyclin-dependent kinase 5 regulatory subunit-
associated protein 2 (Cdk5RAP2), centrosomal protein 170 kDa
(Cepl70), and centrosomal protein 68 kDa (Cep68). Knockdown
of AKAP350 expression with siRNA elicited the loss of Cep68 and
Cepl70 from the centrosome. Finally, through super-resolution
microscopy and deconvolution microscopy, we have obtained
high-resolution images of endogenous AKKAP350A at the centro-
some and propose a model for AKAP350A contributing to the
linker that serves as a bridge between centrioles. All these studies
support a role for AKAP350A as a coordinating scaffold for pro-
teins involved in the regulation of microtubule nucleation.

Results
Synthetic construct of AKAP350A targets to the centrosome

Endogenous AKAP350A co-localizes with both the centro-
some and Golgi apparatus. The length of the AKAP350A
sequence makes analysis of protein function difficult. To facil-
itate this analysis of AKAP350 function, we synthesized the
full-length coding sequence for AKAP350A in three ~4000-
nucleotide fragments: AKAP350A(1-1383), AKAP350A
(1384-2690), and AKAP350A(2691-3907) (designated EGFP-
F1AKAP350A, EGFP-F2-AKAP350A, and EGFP-F3-AKAP350A,
respectively); and we assembled them as EGFP fusions. The
full-length EGFP-AKAP350A vector was transfected into HeLa
cells (Fig. 1A) or U20S cells (data not shown), and the fluores-
cent chimeric AKAP350A strongly accumulated at the centro-
somes, with less apparent accumulation at the Golgi apparatus
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(Fig. 1A), demonstrating proper targeting of overexpressed
EGFP-AKAP350A to the centrosome.

Overexpression of an AKAP350A truncation mutant causes
formation of multiple y-tubulin-containing units

We had previously noted that a short C-terminal truncation,
AKAP350A(3642-3907), previously designated the “centro-
some targeting domain” or CTD and containing the “pericen-
trin-AKAP450 centrosomal targeting” (PACT) domain (amino
acids 3704 —3786) (25) demonstrated expression at the centro-
some (26). Thus, it was surprising when we observed that over-
expression of an extended construct comprising the C-terminal
third of AKAP350A, EGFP-AKAP350A(2691-3907), induced
formation of multiple units, whereas the shorter C-terminal
fragment, AKAP350A(3642-3907) or CTD, was directed to
a single centrosome (Fig. 1B). In contrast, both EGFP-
AKAP350A(1-1383) and EGFP-AKAP350A(1384-2690)
demonstrated a cytosolic cell distribution (data not shown).
EGFP-AKAP350A(2691-3907)-induced units were positive for
both +y-tubulin (Fig. 1B) and pericentrin. These findings sug-
gested that a region of AKAP350A distinct from the centrosomal
targeting PACT domain regulated induction of multiple y-tubu-
lin-positive units. In the following discussion, we will refer to
EGFP-AKAP350A(2691-3907) as EGFP-F3-AKAP350A.

Multiple units induced by expression of EGFP-F3-AKAP350A
are functional MTNCs

To determine whether the multiple units caused by EGFP-
F3-AKAP350A expression are functional microtubule nucle-
ation/organization centers rather that just agglomerates of
overexpressed protein pulling in y-tubulin, we performed a
nocodazole wash-out assay. We pre-treated HeLa cells with
nocodazole to depolymerize microtubules and monitored
recovery after removal of nocodazole. HeLa cells transfected
with EGFP-F3-AKAP350A were treated with 33 uMm nocoda-
zole for 2 h at 37 °C to depolymerize microtubules, washed with
DMEM, allowed to recover for 30 min to initiate microtubule
recovery, fixed in methanol, and stained for a-tubulin and y-tu-
bulin. We observed that the multiple units induced by overex-
pression of EGFP-F3-AKAP350A served as centers for micro-
tubule aster formation (Fig. 2). Thus, the AKAP350A-induced
multiple units were competent MTNCs.

To evaluate the microtubule nucleation capacity of the
MTNC s induced by overexpression of EGFP-F3-AKAP350A,
we evaluated the time course of microtubule re-growth from
centrosomal MTOCs versus ectopic EGFP-F3-AKAP350A-in-
duced MTNC:s following nocodazole removal. We observed
that MTNC units induced by overexpression of EGFP-F3-
AKAP350A varied greatly in the ability to nucleate micro-
tubules (Fig. 3). Although a few MTNCs displayed a rate of
microtubule re-growth similar to centrosomes, a significant
proportion of asters originating from MTNCs were smaller
than those that originated from centrosomal MTOCs. At 10
min of nocodazole recovery, the average size of microtubules
nucleated at centrosomal MTOCs was 2.00 = 0.90 wm? versus
1.43 = 0.85 wm? from ectopic MTNCs (p = 0.0001). Similarly,
after 20 min of nocodazole recovery, microtubules nucleated
from centrosomes averaged 5.08 * 3.9 um?® compared with

J. Biol. Chem. (2017) 292(50) 2039420409 20395



AKAP350A promotes microtubule nucleation

A.

pericentrin

y-tubulin

y-tubulin

y-tubulin

Figure 1. Distribution of overexpressed AKAP350A constructs. A, EGFP-AKAP350A was expressed in HeLa cells, which were stained with antibodies against
the cis-Golgi protein gm130 (red) and the centrosome protein pericentrin (blue). Synthetic full-length AKAP350A was strongly accumulated at the centro-
somes, with less apparentaccumulation at the Golgi apparatus. B, HeLa cells expressing EGFP chimeras were fixed with methanol and stained for a-tubulin (red)
and vy-tubulin (blue). Open arrows indicate single centrosomes. Overexpression of EGFP-F3-AKAP350A(2691-3907) but not EGFP-AKAP350A or EGFP-CTD-
AKAP350A(3642-3907) induced formation of multiple y-tubulin-containing units. Bar, 10 um.

3.36 * 2.43 um?* for microtubules nucleated from ectopic
MTOCs (p = 0.0019). It is notable that later in nocodazole
recovery, we observed a greater population of smaller MTNC:s.
This may suggest that MTNCs induced by overexpression of
EGFP-F3-AKAP350A are sufficient for initialization of micro-
tubule re-growth but lack some components required to main-
tain or stabilize microtubule re-polymerization. These results
are consistent with the property of full-length AKAP350A to
stabilize microtubules elongating from MTOC:s (20).

Recent investigations have suggested that the cis-Golgi pro-
tein gm130 is essential for microtubule nucleation at the Golgi
apparatus through recruitment of AKAP350 to nucleation sites
(18). To determine whether EGFP-F3-AKAP350A-induced
MTNC s originated from the Golgi apparatus, we stained HeLa
cells expressing EGFP-F3-AKAP350A with an antibody against
gm130. Fig. 4 demonstrates that AKAP350A-induced MTNCs
are not associated with gm130-labeled cis-Golgi membranes.

De novo formation of MTNCs induced by overexpression of the
C-terminal third of AKAP350A, EGFP-F3-AKAP350A

To examine the formation of MTNCs, we monitored the
development of EGFP-F3-AKAP350A-induced microtubule
nucleation centers in live cells. Imaging (Fig. 5 and supplemen-
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tal video S1) was initiated 6 h following transfection and
recorded for 80 min, every 2 min. Snapshots from the video
shown in Fig. 54 were taken every 10 min. MTNCs induced by
EGFP-F3-AKAP350A appeared to form de novo. Furthermore,
we monitored the dynamics of newly formed MTNCs at later
stages (20 h after transfection) using DeltaVision deconvolution
live-cell microscopy. Imaging (Fig. 5 and supplemental video S2)
was initiated 20 h after transfection and recorded for 2 h every 2
min. Snapshots of the live imaging of EGFP-F3-AKAP350A (Fig.
5B) show the presence of multiple donut-shaped rings.

Using high-resolution deconvolution microscopy, we dem-
onstrated that MTNCs have a circular EGFP-F3-AKAP350A-
containing structure surrounding a core of y-tubulin (Fig. 6A4).
Evaluation of EGFP-F3-AKAP350A-induced MTNCs by trans-
mission electron microscopy did not reveal the presence of any
supernumerary centriole structures. Rather we observed only
in EGFP-F3-AKAP350A-expressing cells the presence of 100 —
150-nm electron-dense fibrillar structures that were not pres-
ent in any non-transfected cells (Fig. 6B).

Characterization of MTNC protein composition

To determine the characteristics of the induced MTNCs, we
analyzed recruitment of various endogenous centrosomal pro-
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Figure 2. Induction of y-tubulin-containing units caused by overexpression of EGFP-F3-AKAP350A are functional MTNCs. Hela cells transfected with
EGFP-F3-AKAP350A were treated with 33 um nocodazole for 2 h at 37 °C to depolymerize microtubules, washed with DMEM, and allowed to recover for 30 min
to initiate microtubule recovery, fixed in methanol, and stained for a-tubulin (red) and y-tubulin (blue). Formation of microtubules asters originated from
numerous y-tubulin-containing units during recovery after nocodazole treatment. Bar, 10 um.

teins by overexpression of EGFP-F3-AKAP350A. HeLa cells
overexpressing EGFP-F3-AKAP350A were stained for endoge-
nous 7y-tubulin, pericentrin, Cep135, Cep170, Cdk5RAP2, and
Cep68 (Fig. 7). We observed that EGFP-F3-350A recruited var-
ious pericentriolar proteins, including y-tubulin, pericentrin,
Cep68, Cepl70, and Cdk5RAP2. Nevertheless, the MTNCs
induced by overexpression of the C-terminal third of AKAP350A
did not contain “true” centriolar markers, such as Cep135.

Mapping of AKAP350 regions responsible for the formation of
supernumerary MTNCs

To determine the regions of AKAP350A responsible for the
formation of supernumerary MTNCs, we made several trunca-
tion mutants, depicted in Fig. 8, and we assessed their cellular
localization and centrosomal phenotype. As shown above,

SASBMB

overexpression of EGFP-F3-AKAP350A led to formation of
supernumerary MTNCs, whereas shorter constructs contain-
ing the CTD and the full-length AKAP350A were directed to
a single centrosome. These findings suggested that regions
within AKAP350A must promote or inhibit formation of mul-
tiple MTNC:s.

To analyze the location of the promoting region, we expressed
three truncations of EGFP-F3-AKAP350A, each removing coiled-
coil regions (F3A1-AKAP350A, F3A2-AKAP350A, and F3A3-
AKAP350A) (supplemental Fig. S1). The truncation without the
first, most N-terminal coiled-coil region in F3A1-AKAP350A
still produced multiple MTNCs, whereas removal of the second
coiled-coil in F3A2-AKAP350A caused a mixed phenotype,
with cells showing both single and multiple MTNCs. However,
removal of all three coiled-coil regions (F3A3-AKAP350A)
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restored the predominantly single centrosome localization
phenotype (supplemental Fig. S1). Therefore, we defined the
region between amino acids 2762 and 3458 as an MTNC “pro-
moting region” (given that an addition of the two additional
coiled-coil domains in amino acids 2762-3458 shifted the cell
phenotype from regular singular centrosomes to cells showing
multiple MTNCs).

Because overexpressed full-length EGFP-AKAP350A targets
to the centrosome and does not cause initiation of MTNCs, we
hypothesized that there should be a sequence between the N
terminus of AKAP350A and amino acid 2762 that prevents for-
mation of multiple MTNCs under normal conditions. Using
further N-terminal truncation mutants, we were able to identify
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Figure 3. Comparison of centrosome MTOCs with EGFP-F3-AKAP350A-
induced MTNCs. A, Hela cells transfected with EGFP-F3-AKAP350A were
treated with 33 um nocodazole for 2 h at 37 °C to depolymerize microtubules,
washed with DMEM, and allowed to recover for 10 or 20 min to initiate micro-
tubule recovery, fixed in methanol, and stained for a-tubulin. Bar, 10 um. B,
formation of microtubules asters was quantified using ImageJ particle analy-
sis. After 10 min of nocodazole recovery, the average size of asters originating
from centrosome MTOCs sizes was 2.00 = 0.90 Mmz (n = 54) versus 1.43 =
0.85 um?forinduced MTNCs (n = 177) (*, p = 0.0001); after 20 min of nocoda-
zole recovery, the average centrosome MTOC aster size was 5.08 *+ 3.9 um?
(n = 71) versus 3.36 = 2.43 um? for induced MTNCs (n = 79) (**, p = 0.0019).
(Data are presented as average * S.D.).

a change of phenotype from multiple MTNCs (with EGFP-
F2F3A2-AKAP350A) back to a predominantly single centro-
some phenotype (with EGFP-F2F3A1-AKAP350A) with the
addition of sequence between amino acids 1882 and 2182,
which we have designated as an MTNC “inhibitory region”
(supplemental Fig. S2).

Importantly, dual overexpression of EGFP-tagged F2F3A1-
AKAP350A with mCherry tagged F3-AKAP350A abolished the
formation of multiple MTNCs and led to enlargement of the
labeled PCM (supplemental Fig. S3) (compare with supernu-
merary MTNCs formed due to overexpression of EGFP-F3-
AKAP350 shown in supplemental Fig. 1). These findings could
suggest that the inhibitory region has a dominant capacity for
preventing formation of multiple MTNCs and can act in trans
against the promoting region. Also, intermolecular conforma-
tional changes within AKAP350A, which are regulated by the
numerous cellular factors that control its activity, could lead to
an inhibitory effect.

Identification of components of a centrosomal AKAP350A-
scaffolded complex

Because we identified discrete regions within the C-terminal
third of AKAP350A involved in either the promotion or inhi-
bition of the formation of supernumerary MTNCs, we per-
formed a proteomic analysis of AKAP350A-interacting pro-
teins to identify possible mediators of AKAP350A-associated
microtubule nucleation. GFP-tagged truncation mutants of
AKAP350A exhibiting different phenotypes, F3A3(3458 -
3907), F3(2691-3907), and F2F3A1(1882-3907) as described
in Fig. 8, were overexpressed in HEK cells and isolated with
GFP-binding protein beads (27), and proteins were submitted
to the Vanderbilt Protein Mass Spectrometry Core Facility.
Analysis of isolated GFP-tagged AKAP350A-scaffolded com-
plexes by multidimensional protein identification technology
(MudPIT) revealed two novel AKAP350A-interacting proteins.
A summary of the MudPIT analysis is presented in Fig. 9A.
The F2F3A1(1882-3907) fragment, but not shorter fragments,
showed interactions with the Rj;a subunit of protein kinase A,
consistent with the mapping of protein kinase A anchoring sites
in our previous investigations (13). We also identified both
Cdk5RAP2 and Cep170 as proteins interacting specifically with
AKAP350A truncation mutants containing the promoting
region of AKAP350A (see Figs. 8 and 94). These results suggest
arole for AKAP350A as a coordinating center for regulation of

Figure 4. MTNCs induced by overexpression of EGFP-F3-AKAP350A are not Golgi-associated. Hela cells transfected with EGFP-F3-AKAP350A were fixed
with methanol and stained for the cis-Golgi marker gm130 (red) and DAPI (blue). Golgi cisternae were not associated with EGFP-F3-AKAP350A-expressing

MTNCs. Bar, 10 um.

20398 J Biol. Chem. (2017) 292(50) 20394 -20409

SASBMB


http://www.jbc.org/cgi/content/full/M117.806018/DC1
http://www.jbc.org/cgi/content/full/M117.806018/DC1
http://www.jbc.org/cgi/content/full/M117.806018/DC1
http://www.jbc.org/cgi/content/full/M117.806018/DC1

jl GFP-F3-AKAP350A

| GFP-F3-AKAP350A

AKAP350A promotes microtubule nucleation

L[]

Figure 5. Visualization in live cells of MTNC formation induced by overexpression of EGFP-F3-AKAP350A. A, de novo formation of MTNCs induced by
overexpression of EGFP-F3-AKAP350A. Video was initiated 6 h following transfection and recorded for 80 min. Snapshots from video were taken every 10 min
using a Nikon A1R confocal microscope (see supplemental video S1). B, “donut-shaped” MTNCs induced by overexpression of EGFP-F3-AKAP350A. A snapshot
from live imaging of GFP-F3-AKAP350A shows the presence of rings around MTNCs. The video was started 20 h after transfection and recorded for 2 h every 2
min using a DeltaVision deconvolution microscope (see supplemental Video S2). Bar, 15 um.

A.

Figure 6. Structural assessment of MTNCs induced by overexpression of
EGFP-F3-AKAP350A. A, DeltaVision deconvolution microscopy of MTNCs.
Donut-shaped MTNCs induced by overexpression of EGFP-F3-AKAP350A
include y-tubulin (red) in the center hollow space. Bar, 15 wm. B, transmis-
sion electron microscopy of MTNCs. HelLa cells overexpressing EGFP-F3-
AKAP350A were fixed, embedded, and processed for imaging with trans-
mission electron microscopy. Bar, 100 nm.

microtubule nucleation through its interactions with both

Cep170 and Cdk5RAP2 (29). Notably, we also found a novel
association of Cep68 with AKAP350A, and this interaction was

SASBMB

not dependent on the presence of the promoting region. Thus,
Cep68 was found complexed with all tested AKAP350A trun-
cations (Fig. 94). These findings indicate that Cep68 interacts
with the far C-terminal region of AKAP350A.

Validation of mass-spectrometry interaction findings

Interactions of AKAP350A with Cdk5RAP2, Cepl70, and
Cep68 were confirmed and mapped using immunoisolation of
AKAP350A-scaffolded complexes followed by Western blot-
ting (Fig. 10). To examine those interactions, we expressed in
HEK cells EGFP-tagged AKAP350A constructs (full-length
AKAP350A, F3A3-AKAP350A F3-AKAP350A, and F2F3A1-
AKAP350A as described in Fig. 8) and EGFP as a control, and
then we used GFP-binding protein-conjugated beads to isolate
protein complexes (30). We used overexpressed Myc-tagged
Cep68 protein to evaluate interactions with AKAP350A be-
cause we were not able to achieve a satisfactory level of detec-
tion of endogenous protein using available anti-Cep68 antibod-
ies. As shown in Fig. 10, both Cdk5RAP2 and Cepl70 were

J. Biol. Chem. (2017) 292(50) 20394 -20409 20399
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Figure 7. Endogenous y-tubulin, pericentrin, Cep68, Cep170, and Cdk5RAP2 but not Cep135 co-localized with overexpressed of EGFP-F3-AKAP350A
on MTNCs. Hela cells were fixed with methanol or with 4% PFA for Cdk5RAP2 staining and immunostained for endogenous +y-tubulin (red), pericentrin. or
Cep135 (blue), CAk5RAP2, Cep170, Cep68 (red). (Arrows indicate non-transfected cells with a single centrosome.) The degree of co-localization between
AKAP350A (green) and y-tubulin/Cep170/Cdk5RAP2/Cep68 (red) or between AKAP350A (green) and pericentrin (blue) were quantified using PCC. PCCs were
determined using JACOP plug-in of ImageJ software. PCC: y-tubulin:AKAP350A 0.97 = 0.06; pericentrin:AKAP350A 0.95 * 0.11; Cep170:AKAP350A 0.96 * 0.08;

Cdk5RAP:AKAP350A 0.95 * 0.09; Cep68:AKAP350A 0.98 =+ 0.03). Bar, 15 um.

specifically isolated only with AKAP350A mutants containing
the promoting region (such as full-length AKAP350A, F3-
AKAP350A, and F2F3A1-AKAP350A), but they were not
observed in complex with F3A3-AKAP350A lacking the pro-
moting region. In contrast, Cep68 was specifically isolated with
all AKAP350A constructs. Therefore, the interaction between
AKAP350A and Cep68 does not require the promoting region.

We next examined localization of mCherry-tagged chimeras
for Cdk5RAP2, Cepl70, and Cep68 co-expressed with EGFP-
F3-AKAP350A in HeLa cells (supplemental Fig. S4). Overex-
pressed EGFP-F3-AKAP350A strongly overlapped with over-
expressed mCherry-tagged Cep68, Cepl70, and Cdk5RAP2 in
supernumerary MTNCs.
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Mapping of direct interactions within the AKAP350A-
Cdk5RAP2-Cep170-Cep68 complex using yeast two-hybrid
assays

We utilized binary yeast two-hybrid assays to elucidate
whether the associations between various components of the
AKAP350A—-Cepl170—Cdk5RAP2—-Cep68 complex might be
through direct interactions. Different parts of AKAP350A or
full-length Cdk5RAP2 were cloned into a pBD-Gal bait vector,
and full-length Cdk5RAP2, Cepl70, and Cep68 were cloned
into pAD target vectors (31). Binary assays were performed as
shown on Fig. 9B. We were able to establish a direct interaction
between AKAP350A and Cep170 and mapped that interaction
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Figure 8. Mapping of AKAP350 regions responsible for the formation of supernumerary MTNCs. Schematic representation of full-length and truncations
of synthetic EGFP-AKAP350A. Note the change of phenotype from single centrosome to multiple MTNCs with addition of promoting region (amino acids
2762-3458) and a change back to a single centrosome-targeted phenotype with the inhibitory region (amino acids 1882-2182). PACT, pericentrin-AKAP450
centrosomal targeting domain (amino acids 3704 -3786). Quantification of predominant phenotype was performed for each EGFP-AKAP350A truncation using
at least 100 cells overexpressing evaluated mutant; values are presented as percentage of cells with predominant phenotype (single centrosome or multiple
MTNCs) from total number of cells expressing evaluated EGFP-AKAP350A. Data presented as average = S.D. Full-length AKAP350 (centrosome 100 = 0%),
F2F3A1 (centrosome; 81 == 9%), F2F3A2 (MTNCs; 82 = 15%), F2F3A3 (MTNCs; 87 = 7%), F3 (MTNCs; 92 = 6%), F3A1 (MTNCs; 93 = 4%), F3A2 (mixed phenotype;

54 + 16% of MTNCs), F3A3 (centrosome; 93 + 2%).

to the promoting region of AKAP350A(2762-3458) and the
N-terminal region of Cep170(1-852) (Fig. 9B).

We were unable to detect any interaction between other
components of the complex. Therefore, the interaction be-
tween AKAP350A and Cdk5RAP2-Cep68, as well as interac-
tions between Cdk5RAP2-Cep170—-Cep68 may be indirect or
require multiple protein interactions, although we also recog-
nize the possibility of false-negative results when using a two-
hybrid system due to incompatibility of construct stoichiome-
try. Indeed, it should be noted, that AKAP450 was found in
immunoprecipitates in complex with Cdk5RAP2(1726 -1893)
(29). Because of self-activation problems in yeast two-hybrid
assays, the interaction between Cep68 and Cepl170 was tested
using a co-immunoprecipitation approach. EGFP-tagged Cep170
and Myc-tagged Cep68 were co-expressed in HEK cells; com-
plexes were isolated using GFP-binding protein-conjugated
magnetic beads, and complexes were analyzed for the presence
of both GFP and Myc tags by Western blotting. Using this
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approach, we were not able to detect an interaction between
Cep170 and Cep68 (data not shown).

Spatial relationship of AKAP350A with
Cdk5RAP2-Cep170-Cep68

Although structural aspects of centriole assembly were re-
vealed by cryo-electron microscopy (32—34), the spatial organi-
zation of various components remains incomplete. Recent
studies utilizing super-resolution three-dimensional struc-
tured illumination microscopy (3D-SIM) have revealed a num-
ber of organizational features of the centrosome (9, 10). Never-
theless, the spatial organization of AKAP350A complexed with
Cepl70, Cep68, and Cdk5RAP2 remains unclear. We examined
the locations of proteins of interest within the centrosome dur-
ing interphase by both 3D-SIM super-resolution fluorescence
microscopy (Fig. 11) and DeltaVision deconvolution micros-
copy (Fig. 12). Double labeling of endogenous AKAP350A and
pericentrin resolved by super-resolution microscopy presented
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A.

F3A3 F3 F2F3A1
Number of peptides:
AKAP9 1104 1763 857
Rllo 2 2 42
Cep170 1 14 5
Cdk5RAP2 0 13 13
Cep68 9 6 3
B. pAD vectors pBD vectors
Cdk5RAP2 AKAP350A
Cdk5RAP2 n/d negative
Cep68 negative negative
Cep170 negative positive
Cep170(1-852) n/d positive

Figure 9. Analysis of proteins interacting with AKAP350A. A, spectral counts of peptides specifically isolated with GFP-chimeric AKAP350A truncation
mutants. GFP-tagged truncation mutants of AKAP350A exhibiting different phenotypes were overexpressed in HEK cells, isolated with GFP-binding protein
beads, and analyzed by MudPIT. B, yeast two-hybrid interactions. Yeast two-hybrid assays were performed with plasmids encoding the DNA-binding domain
of GAL4 fused to AKAP350A or Cdk5RAP2 versus the activation domain of GAL4 fused to Cep68, Cep170, or Cdk5RAP2. Positive and negative colonies were
identified as described under “Experimental procedures.” Note that because of self-activation, the interaction between Cep68 and Cep170 was not tested

using two-hybrid assays.

in Fig. 11 demonstrates that AKAP350A is located in the
“bridge” connecting the two centriolar rings of pericentrin, as
well as projecting from one centriole. Given that Cep68 as well
as Cdk5RAP2 are implicated in centrosome cohesion, we also
performed a triple labeling of AKAP350A—pericentrin—Cep68.
Triple-color labeling resolved using DeltaVision deconvolution
microscopy is presented in Fig. 124. AKAP350A was distrib-
uted in juxtaposition with Cdk5RAP2, which generally co-dis-
tributed with pericentrin at both centrioles. AKAP350A was
also observed in the bridge between centrioles. AKAP350A was
additionally seen adjacent to the staining for Cepl70 at the
mother centriole. Finally, Cep68 appeared to distribute along
AKAP350A staining, especially in the intercentriolar bridge
region. Note that AKAP350A was situated alongside rootletin
but also projected from one centriole (Fig. 12B). In view of these
data, we propose that AKAP350A along with Cep68 serves as a
component of the link connecting the two centrioles, providing
a scaffolding support for Cep68 (see model in Fig. 13).

Loss of AKAP350A leads to Cep68 and Cep 170 displacement
from centrosome

To evaluate further the composition of protein complexes
scaffolded by AKAP350A, we performed AKAP350A depletion
by short interference RNA (siRNA) in both U20S and HeLa
cells. It should be noted that endogenous AKAP350A is com-
monly distributed between centrosomes and the Golgi ap-
paratus in the majority of cells. The pattern for endogenous
AKAP350A staining changes between different cell types, and it
is noticeable that HeLa cells have a more pronounced Golgi-
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targeted pool of AKAP350A than in U20S cells. Therefore,
although effects of AKAP350A depletion on centrosome com-
position were similar in U20S cells (Fig. 14) and HeLa cells
(supplemental Fig. S5 and data not shown), the effect of
AKAP350A depletion on centrosomal composition was more
apparent in U20S cells with less Golgi-targeted AKAP350A.
Depletion AKAP350A caused displacement from the centro-
somes of both Cep68 and Cepl70 (Fig. 14). Also, although
reduction of AKAP350A expression led to displacement of the
Golgi-targeted pool of Cdk5RAP2, it did not affect the localiza-
tion of the centrosome-targeted pool of Cdk5RAP2, in agree-
ment with a previously published report (29). Reduction of
AKAP350A expression did not affect the localization of y-tu-
bulin (supplemental Fig. $6). Cells with loss of AKAP350A at
the centrosome were identified and coded for the presence or
absence of co-stained centrosomal protein. Thirteen of 14 cells
lacking AKAP350A were also negative for Cep68 at the centro-
some. Similarly, 13 of 14 cells without AKAP350A expression
also lacked Cep170 at the centrosome. In contrast, 12 of 12 cells
lacking AKAP350A were still positive for CAkKGRAP2 at the cen-
trosome, and 10 of 10 were positive for y-tubulin. These find-
ings suggest that AKAP350A is responsible for scaffolding
Cap170 and Cep68 at the centrosome (p = 0.004 by Wilcoxon
Signed Rank test).

Discussion

We have found evidence for scaffolding/recruitment by
AKAP350A of multiple centrosomal proteins that are all asso-
ciated with regulation of microtubule nucleation. Expression of
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Figure 10. AKAP350A association with Cdk5RAP2, Cep170, and Cep68 proteins. EGFP-tagged AKAP350A constructs including full-length AKAP350A,
empty pEGFP-C1, F3D3-AKAP350A, F3-AKAP350A, or F2F3D1-AKAP350A vectors were expressed in HEK-293T cells or co-expressed with Myc-tagged Cep68.
Proteinsisolated using GFP-binding protein conjugated beads were probed either for endogenous Cdk5RAP2 and Cep170 or for Myc tag (to detect Cep68) and
for GFP (to detect AKAP350A). Empty pEGFP-C1 vector was used as a negative control. Dual detection was performed on the same membrane for both GFP and
Cdk5RAP2/Cep170 or GFP and Myc tag using Odyssey LiCor system. Results are representative of three independent experiments.

a C-terminal truncation mutant of AKAP350A, encompassing
the C-terminal third of the protein, induced formation of mul-
tiple y-tubulin-containing units, which served as functional
MTNCs. Live imaging of the formation of MTNCs demon-
strated that the MTNCs developed de novo. Structural analysis
of MTNCs by both high-resolution deconvolution microscopy
and transmission electron microscopy revealed that EGFP-F3-
AKAP350A-induced MTNCs consist of symmetrical struc-
tures as opposed to merely agglomerates of recruited proteins.
Various centrosomal proteins such as y-tubulin, pericentrin,
Cdk5RAP2, Cepl70, and Cep68, but not centriolar markers,
were recruited to newly-formed MTNCs, suggesting that
EGFP-F3-AKAP350A-induced MTNCs are not “complete cen-
trosomes” but rather functional microtubule nucleation cen-
ters located in cytoplasm.
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Interestingly, Fong et al. (35) reported that a cytoplasmic
pool of overexpressed Cdk5RAP2 formed clusters of different
sizes during disruption of microtubules with nocodazole treat-
ment. Furthermore, these clusters formed microtubule asters
upon nocodazole removal. These results are similar to the pat-
tern of multiple MTNC formation caused by the overexpres-
sion of the C-terminal third of AKAP350A, which also can
recruit Cdk5RAP2. Interestingly, CdAk5RAP2 loss of function in
mice causes centrosome amplification and leads to multiple
cilia formation (36).

A number of pericentriolar proteins, including percentrin
(37), AKAP350 (22), and Cdk5RAP2 (35), serve as y-tubulin
ring complex (y-TuRC) recruiters to centrosomes directly or
indirectly as a part of pericentriolar matrix. Although some
pericentriolar proteins such as AKAP350 and Cdk5RAP2 are
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Figure 11. AKAP350A resides within linker connecting centrioles. Hela cells were fixed with cold methanol and stained for endogenous AKAP350A (green)
and pericentrin (red). Images were taken using 3D-SIM super-resolution fluorescence microscopy (OMX Blaze). Note the distribution of AKAP350A between the

centrioles. Bar, 1 um.

also part of microtubule nucleation complexes located at the
Golgi apparatus, here we demonstrated that supernumerary
MTNC s initiated by overexpression of EGFP-AKAP350A are
Golgi-independent.

We identified the region between amino acids 2762 and 3458
of AKAP350A as a “promoting region,” which is essential for
multiple MTNC formations caused by EGFP-F3-AKAP350A
overexpression. We also were able to identify a separate inhib-
itory region (amino acids 1882-2182) in AKAP350A upstream
of the promoting region, which conferred a loss of supernumer-
ary MTNC formation. This inhibitory region prevented super-
numerary MTNC formation even in trans when both con-
structs were co-expressed. Thus, AKAP350A function may be
regulated by the assembly of functional AKAP350A oligomer
complexes or other intramolecular inhibitory interactions.
AKAP350A appears to coordinate multiple signals that influ-
ence decisions involved in microtubule nucleation process at
the centrosome.

We have found evidence for scaffolding by AKAP350A of
multiple centrosomal proteins that are all associated with reg-
ulation of centrosome function. Mass spectrometry analysis of
different AKAP350A-scaffolded protein complexes revealed
that two centrosomal proteins, Cdk5RAP2 and Cep170, inter-
act specifically with AKAP350A constructs containing the
MTNC-promoting region and therefore likely play roles in reg-
ulation of microtubule nucleation. Another centrosomal pro-
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tein, Cep68, associated with AKAP350A distal to the promot-
ing region in the far C-terminal sequence of AKAP350A, which
also contains the PACT domain and the binding region for
TACC3 (31).

The results presented here support the concept that AKAP350A
may coordinate the dynamic association of Cdk5RAP2 and Cep68
at the centrosome. Cyclin-dependent kinase 5 regulatory sub-
unit-associated protein 2 (Cdk5RAP2/Cep215) localizes at cen-
trosome during cell division and at the Golgi apparatus in inter-
phase cells (38). Cdk5RAP2 function is required for astral
microtubule formation during mitosis and for microtubule
organization by the centrosome. Cdk5RAP2 also promotes
microtubule nucleation by yTuRC (39), and depletion of
Cdk5RAP2 by siRNA impairs yTuRC association with the cen-
trosome (35). Phosphorylation of Cdk5RAP2 is crucial for
CDK5RAP2-dependent microtubule nucleation and therefore
correct spindle orientation (40). Structurally, an interaction of
Cdk5RAP2 with pericentrin is essential for centrosome matu-
ration and bipolar spindle formation during mitosis (41) and
recruitment of Cdk5RAP2 to centrosomes is microtubule- and
dynein-dependent (42). A previous investigation has noted that
the centrosome-targeting domain of Cdk5RAP2 can interact
with both pericentrin and AKAP350 (29). Cdk5RAP2 connects
centrosomes to mitotic spindle poles marked by TACC3, which
also can be scaffolded by AKAP350 (31, 43). Interestingly,
Cdk5RAP2 is required for targeting of AKAP350 to spindle
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pericentrin

Figure 12. AKAP350A, together with Cep68, spans the linker connecting centrioles. A, Hela cells were fixed with cold methanol or 4% PFA for Cdk5RAP2
staining and stained for AKAP350A (green) and Cdk5RAP2, Cep170, or Cep68 (red) and pericentrin (blue). Images were taken using DeltaVision deconvolution
fluorescence microscopy. Bar 1, um (applies to all images). B, HelLa cells were fixed with cold methanol and stained for AKAP350A (green), rootletin (red), and
pericentrin (blue). Images were taken using DeltaVision deconvolution fluorescence microscopy. Bar, 1 wm (applies to all images).

poles during mitosis, but interphase centrosomal localization of
AKAP350 seems to be Cdk5RAP2-independent (43). In sup-
port of this concept, loss of AKAP350 following siRNA deple-
tion did not alter Cdk5RAP2 association with the centrosome.
Both Cdk5RAP2 and Cep68 were identified as proteins in-
volved in centrosome cohesion using an siRNA screening
approach, as their depletion produced substantial centrosome
splitting (45). Subcellular localization of Cep68 resembles the
pattern for rootletin fibers connecting centrioles, whereas
Cdk5RAP2 is associated with centriolar cylinders (45). Rootle-
tin forms centriole-associated fibers and is implicated in cen-
trosome cohesion (46). Cep68 is degraded in prometaphase,
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allowing centrosome separation, and Cep68 degradation is ini-
tiated by its phosphorylation on serine 332 by Plk1 (47). Differ-
ent pools of Cdk5RAP2 bind to either Cep68 or pericentrin, and
centriole disengagement is promoted by Cdk5RAP2 release
from both pools, either by Cep68 degradation or by pericentrin
cleavage (47).

Cep170 was identified by a two-hybrid screen as an interact-
ing protein for Polo-like kinase 1 (Plk1) and is phosphorylated
during mitosis (48). Cep170 associates with centrosomes dur-
ing interphase and with spindle microtubules during mitosis
(48). Interestingly, the sites phosphorylated in vitro by Plk1, the
Plk1-Cep170 interaction domain, and the centrosomal target-
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AKAP350A
pericentrin
Cdk5RAP2
Cep170
Cep68

Figure 13. Schematic representation of the assembly of proteins in the
centrioles and the bridge connecting two centrioles. Both pericentrin and
Cdk5RAP2 form ring-like structures around the bases of both centrioles. In
contrast, Cep170 is only associated with mother centriole. AKAP350A is
observed in the bridge between centrioles as well as adjacent to the staining
for Cep170 at the mother centriole. Cep68 appeared to distribute along
AKAP350A staining in the intercentriolar bridge region.
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Figure 14.Depletion of AKAP350A by siRNA interference. U20S cells were
transfected with either non-specific scrambled RNA duplexes or siRNA
duplexes specific for AKAP350A, fixed, and dual-stained for AKAP350A (green
in merged images) and Cep68, Cep170, or Cdk5RAP2 (red in merged images).
Arrows indicate cells with AKAP350A at centrosomes. Arrowheads indicate
cells with loss of AKAP350A. Depletion of AKAP350A caused loss of both
Cep68and Cep170from the centrosome, but Cdk5RAP2 localization at the
centrosome was not affected. Bar, 10 um (applies to all images).
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ing domain of Cepl70 all map to the C-terminal half of the
protein (48), whereas we mapped the AKAP350A interaction to
an N-terminal region of Cepl70 (amino acids 1-852). Both
overexpression and depletion experiments suggested a role for
Cep170 in microtubule organization (48). Cep170 is associated
with subdistal appendages typical of the mother centriole and
therefore serves as a marker of centriole maturation (48).

Using super-resolution microscopy, we determined that
endogenous AKAP350A is located within the intercentriolar
linker in conjunction with Cep68. Cep68 together with
Cdk5RAPS5 were shown previously to play roles in centrosome
cohesion and engagement in interphase (45, 47, 49). P1k1 phos-
phorylation of Cep68 at Ser-322 initiates the degradation of
Cep68 during prometaphase, allowing Cdk5RAP2 removal and
centriole disengagement (47). Cep68 is also phosphorylated by
Nek2A both in vitro and in vivo (13, 28, 50), and this phosphoryla-
tion also promotes Cep68 degradation in mitosis. Our SIM studies
also supported the presence of Cep170 at the mother centriole and
Cdk5RAPs at the bases of both centrioles, in both cases juxtaposed
to AKAP350 in the intercentriolar bridge. Interestingly, the
expressed C-terminal construct of AKAP350A that can interact
with both Cep170 and Cdk5RAP2 was distributed in rings, a mor-
phology quite different from that observed at the centrosomes.
These data suggest that the N-terminal regions of AKAP350A may
be associated with the intercentriolar bridge, although we should
note that expression of a construct containing the N-terminal two-
thirds of AKAP350A failed to target to the centrosomes. Consid-
ering that the expression of the carboxyl third of AKAP350A
induced the formation of multiple functional MTNCs, it appears
likely that AKAP350A connections through the intercentriolar
bridge are involved in regulating the microtubule nucleation pro-
cess at the centrosome. Depletion of AKAP350A by siRNA dis-
placed Cep68 and Cep170, but not Cdk5RAP2 from the centro-
some, suggestive of a role for AKAP350A as an organizing scaffold
for various regulatory proteins at the centrosome.

In summary, we have analyzed truncation mutants of
AKAP350A for their ability to induce the formation of super-
numerary MTNCs and identified functional regions regulating
microtubule nucleation at cytoplasmic Golgi-independent micro-
tubule nucleation centers. Although the role of AKAP350A in
microtubule nucleation is recognized at both centrosome and
Golgi apparatus, here we have presented the first evidence that
overexpression of the C-terminal third of AKAP350A is sufficient
for recruitment of various pericentriolar proteins and “de novo”
formation of cytoplasmic MTNCs. Finally, we have identified
two previously unrecognized AKAP350A-interacting proteins,
Cep170 and Cep68, and mapped a direct interaction between
the promoting region of AKAP350A(2762-3458) and the
N-terminal region of Cep170(1—852). Super-resolution micros-
copy has allowed construction of a model of centriole structure
that now includes the participation of AKAP350A in the inter-
centriolar linker as well as at the centrioles (Fig. 13). The asso-
ciation of AKAP350A with Cdk5RAP2, Cepl70, and Cep68
suggests that complexes of these proteins may regulate proteins
associating with the intercentriolar bridge and their contribu-
tion to microtubule nucleation at the centrosome.

SASBMB



Experimental procedures
Cell culture

HeLa cells (American Type Culture Collection, ATCC) were
maintained at 37 °C in 5% CO, using complete RPMI 1640
media supplemented with 10% fetal bovine serum (FBS). HEK-
293 and U20S cells (ATCC) were maintained at 37 °C in 5%
CO, using complete DMEM supplemented with 10% fetal
bovine serum (FBS). Cells were transfected using Poly]Jet
(SignaGen) according to the manufacturer’s protocol.

GFP-AKAP350A assembly

Synthetic constructs of AKAP350A fragments were synthe-
sized by GeneART (Thermo Fisher Scientific). Amino acids
1-1400 were received as fragment 1 (F1) in a modified pEGFP
vector missing the HindlIII site normally in the multicloning
site. Amino acids 1360-2700 were received as fragment 2 (F2)
in pMA vector. Finally, amino acids 2689 —3907 were received
as fragment 3 (F3) in a pMA vector. AKAP350A-F3 was sub-
cloned into pEFGP-C3 using the Xhol and BamHI restriction
site. Assembly of full-length AKAP350A was achieved via triple
ligation at 16 °C overnight using pEGFP-AKAP350A-F1 (cut
with HindII and BamHI), AKAP350A-F2 (cut from pMA with
HindIII and Xhol), and AKAP350A-F3 (cut with Xhol and
BamHI). Truncation mutants of AKAP350A used in mapping
of functional regions of AKAP350A were cloned using primers
summarized in supplemental Table S1.

Plasmid construction

Human Cep170 and Cdk5RAP2 were amplified from cDNA
clones available from Transomic (Huntsville, AL); human
Cep68 was amplified from human liver cDNA as summarized
in supplemental Table S1. pmCherry-C1 and pmCherry-C2
vectors were gifts from Dr. Roger Tsien, University of Califor-
nia, San Diego.

Fluorescence microscopy and analysis

HeLa cells grown on collagen-coated coverslips were fixed
either with methanol for 5 min at —20 °C or at room tempera-
ture for 15 min using 4% paraformaldehyde (PFA) supple-
mented with 0.1% Triton X-100, 80 mMm potassium/PIPES, pH
7.2,1 mm EGTA, 1 mm MgSO,, and 30% glycerol, followed by
permeabilization with 0.25% Triton X-100. Fixed cells were
blocked with 5% normal serum for 1 h at room temperature and
then were incubated with primary antibodies for 1 h at room
temperature: rabbit anti-Cep170 (1:100; Sigma); rabbit anti-
Cep68 (1:100; Sigma); rabbit anti-Cdk5RAP2 (1:100; Sigma);
mouse anti-AKAP350, 14G2 clone (1:200), mouse anti-gm130
(1:300; BD Biosciences); rabbit anti-pericentrin (1:700; Sigma);
rabbit anti-y-tubulin (1:700; Sigma); rabbit anti-rootletin
(1:200; Sigma). This was followed by incubation at room tem-
perature for 1 h with species-specific fluorescent secondary
antibodies conjugated with Alexa-488, Alexa-568, or Alexa-647
(1:500; Life Technologies, Inc.). Coverslips were mounted using
Prolong Gold with DAPI (Invitrogen). Confocal fluorescence
microscopy was performed using a X60 or X100 oil immersion
lens on an Olympus FV-1000 confocal fluorescence microscope
(Vanderbilt Cell Imaging Shared Resource). Live-cell imaging
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was performed using a DeltaVision deconvolution live cell
microscope or a Nikon A1-R confocal microscope (Digital His-
tology Shared Resource, Vanderbilt University). For imaging
centrosome architecture, 3D-SIM super-resolution fluores-
cence microscopy was applied (OMX Blaze, Vanderbilt Cell
Imaging Shared Resource).

Cell quantitative analysis and statistical analysis

All experiments were performed at least three times. Quan-
tification of centrosome phenotype (single centrosome versus
multiple MTNCs, Fig. 8) was performed using at least 100 cells
overexpressing each EGFP-AKAP350 mutant. The percentage
of cells demonstrating a particular phenotype was calculated in
each X20 magnification field; at least five fields were analyzed
for each mutant.

The degree of co-localization between AKAP350A and v-
tubulin—Cep170 —Cdk5RAP2-Cep68 —pericentrin was quan-
tified using Pearson’s correlation coefficient (PCC). Cells
overexpressing either EGFP-F3-AKAP350A (when stained for
endogenous interacting proteins) or both EGFP-F3-AKAP350A
and Cherry-tagged Cep68 —Cep170 —Cdk5RAP2 were outlined
with the Image] free-selection tool, and PCC was calculated for
overexpressing cells only. PCCs were determined using JACOP
plug-in of Image] software. At least 10 cells were analyzed for
each evaluated protein.

The sizes of microtubule “asters” originating from either cen-
trosome MTOC:s or ectopic MTNCs during recovery following
nocodazole treatment were determined using Image] software
(National Institutes of Health) for at least 10 cells overexpress-
ing EGFP-F3-AKAP350A versus at least 50 cells without
AKAP350 overexpression. Changes in size were analyzed using
a two-tailed ¢ test with Welch’s correction.

Statistics are detailed in the figure legends. All data are pre-
sented as average = S.D.

Transmission electron microscopy

HeLa cells overexpressing EGFP-F3-AKAP350A were fixed,
embedded, and processed for imaging with transmission elec-
tron microscopy. Specimens were processed for TEM and
imaged in the Vanderbilt Cell Imaging Shared Resource—
Research Electron Microscopy facility.

Embedding

Samples were fixed in 2.5% glutaraldehyde in 0.1 M cacody-
late buffer, pH 7.4, at room temperature for 1 h and then trans-
ferred to 4 °C overnight. The samples were washed in 0.1 M
cacodylate buffer, then incubated for 1 h in 1% osmium tetrox-
ide at room temperature, and then washed with 0.1 M cacody-
late buffer. Subsequently, the samples were dehydrated through
a graded ethanol series and then three exchanges of 100% eth-
anol. Next, the samples were incubated for 5 min in 100% eth-
anol and propylene oxide (PO) followed by two exchanges of
pure PO. Samples were then infiltrated with 25% Epon 812 resin
and 75% PO for 30 min at room temperature. Next, they were
infiltrated with Epon 812 resin and PO (1:1) for 1 h at room
temperature and then overnight at room temperature. The next
day, the samples went through a (3:1) (resin/PO) exchange for
3—4 h and then incubated with pure epoxy resin overnight.
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Samples were then incubated in two more changes of pure
epoxy resin and then allowed to polymerize at 60 °C for 48 h.

Sectioning and imaging

70— 80-nm ultra-thin sections were cut and collected on 300-
mesh copper grids and post-stained with 2% uranyl acetate and
then with Reynold’s lead citrate. Samples were subsequently
imaged on the Philips/FEI Tecnai T12 electron microscope at
various magnifications.

GFP pulldown and Western blotting

HEK-293T cells were either transfected with various GFP-
tagged AKAP350A or empty pEGFP-CI1 vectors alone (to eval-
uate interaction with endogenous Cdk5RAP2 and Cep170) or
co-transfected with Myc-tagged Cep68 (to evaluate interaction
with overexpressed Cep68). Cells were lysed 24 h after transfec-
tion using M-PER buffer (Pierce), supplemented with protease
inhibitors and phosphatase inhibitors, for 15 min at room tem-
perature, and then lysates were centrifuged at 16,000 X g for 10
min. Clarified lysates were incubated with GFP-binding pro-
tein-conjugated magnetic beads for 3 h at 4 °C. Beads were
washed three times with TBS buffer and further analyzed by
Western blotting using an Odyssey imager (LiCor). For detec-
tion of Cdk5RAP2 or Cep170, the same membrane was probed
with either anti-Cdk5RAP2 (1:1000; Sigma) or Cep170 (1:1000;
Sigma) rabbit polyclonal antibody simultaneously with anti-
GFP monoclonal mouse antibody (Living Colors, Clontech).
For detection of Cep68 immunoisolated by GFP-AKAP350A
pulldowns, the same membrane was probed for both the GFP
tag and Myc tag simultaneously with the primary antibodies
9E10-C2 mouse anti-Myc (1:1000; Vanderbilt Molecular Rec-
ognition Shared Resource) and rabbit anti-GFP (1:10,000;
Abcam). This was followed by incubation with the IRDye sec-
ondary antibodies: donkey anti-mouse IRDye680RD (1:20,000)
and donkey anti-rabbit IRDye800CW (1:20,000) (LiCor). 5% of
sample was loaded as a starting material. Signal was detected
using a LiCor Odyssey imager. Results are representative of
three independent experiments.

Protein mass spectrometry

For mass spectrometry analysis, the eluted proteins were run
into an 8% SDS-polyacrylamide gel; the gel was stained with
GelCode Blue colloidal Coomassie Blue staining reagent
(Pierce), and the stacked protein band at the interface of the
stacking and resolving gel was excised and submitted for tryptic
digest and analysis on LTQ linear ion trap mass spectrometer
(Thermo Fisher Scientific, Vanderbilt Protein Mass Spectrom-
etry Shared Resource).

Yeast two-hybrid assays

Yeast two-hybrid binary assays were performed as described
previously (44). Briefly, full-length or truncation mutants of
Cep170, Cdk5RAP2, and Cep68 were cloned into pAD-GAL4
and tested for interaction with various AKAP350A mutants in
pBD-GAL4-Cam vector. Positive results were recorded if 3-ga-
lactosidase assay was positive within 3 h. All constructs were
tested for auto-activation. We used an established AKAP350-
interacting protein, TACCS3, cloned into pAD vector as a posi-
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tive control for direct interaction (31). Results are representa-
tive of three independent experiments.

Depletion of AKAP350A

siRNA for AKAP350A knockdown was prepared as de-
scribed previously (20). U20S or HeLa cells were transfected
with 30 nM siRNA duplexes using HiPerFect transfection reagent
(Qiagen) and examined 48 —72 h after transfection.

To analyze the effects of AKAP350A knockdown on the pres-
ence of other proteins at the centrosome, U20S cells were
stained for AKAP350A along with antibodies against Cep68,
Cepl70, Cdk5RAP2, or y-tubulin. Cells with loss of AKAP350A
at the centrosome were identified and coded for the presence or
absence of co-stained centrosomal protein. The distribution of
presence versus absence was analyzed by a Wilcoxon Signed
Rank Test. At least 10 cells were analyzed for the presence of
each protein.
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