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As the primary microtubule-organizing centers, centrosomes
require y-tubulin for microtubule nucleation and organization.
Located in close vicinity to centrosomes, the Golgi complex is
another microtubule-organizing organelle in interphase cells.
CDK5RAP2 is a y-tubulin complex-binding protein and func-
tions in y-tubulin attachment to centrosomes. In this study, we
find that CDK5RAP2 localizes to the Golgi complex in an ATP-
and centrosome-dependent manner and associates with Golgi
membranes independently of microtubules. CDK5RAP2 con-
tains a centrosome-targeting domain with its core region
highly homologous to the Motif 2 (CM2) of centrosomin, a func-
tionally related protein in Drosophila. This sequence, referred
to as the CM2-like motif, is also conserved in related proteins in
chicken and zebrafish. Therefore, CDK5RAP2 may undertake a
conserved mechanism for centrosomal localization. Using a
mutational approach, we demonstrate that the CM2-like motif
plays a crucial role in the centrosomal and Golgi localization of
CDK5RAP2. Furthermore, the CM2-like motif is essential for
the association of the centrosome-targeting domain to pericen-
trin and AKAP450. The binding with pericentrin is required
for the centrosomal and Golgi localization of CDK5RAP2,
whereas the binding with AKAP450 is required for the Golgi
localization. Although the CM2-like motif possesses the activity
of Ca®>*-independent calmodulin binding, binding of calmodu-
lin to this sequence is dispensable for centrosomal and Golgi
association. Altogether, CDK5RAP2 may represent a novel
mechanism for centrosomal and Golgi localization.

Centrosomes play a principal role in organizing the microtu-
bule cytoskeleton of animal cells. They comprise a pair of cen-
triolar cylinders surrounded by the pericentriolar material
(PCM),? wherein activities such as microtubule nucleation and
organization, signal transduction, and cell cycle control take
place. The PCM has been described as an amorphous mass of
proteins, and little is known regarding its structural organiza-
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tion. Many of the proteins localizing to the PCM are large
and contain multiple coiled-coils, a structural module known
for protein-protein interactions (1). A centrosome-targeting
sequence has been identified from the PCM proteins AKAP450
(also known as AKAP350, CG-NAP, and hyperion) and peri-
centrin (kendrin known as the human homolog) (2). This
sequence, referred to as the pericentrin-AKAP450 centrosomal
targeting (PACT) domain, contains a core region of ~90 amino
acids located near the protein C terminus. A centrosome-local-
izing signal is also delineated in the cell cycle regulatory protein
cyclin E (3). This signal sequence, consisting of 20 residues with
motifs conserved in cyclin E from different mammalian species
and in different isoforms, is responsible for attaching cyclin E to
the centrosomes during the G, phase.

Within the centrosomes of animal cells and the spindle pole
bodies of budding and fission yeasts, calmodulin (CaM) appears
to be involved in various activities such as centrosome duplica-
tion (4). Several components of the PCM or spindle pole bodies
display CaM-binding activities that serve as potential targets of
CaM. For example, Spc110 of budding yeast and its related fis-
sion yeast protein Pcplp contain a CaM-binding site at their C
termini (5— 8). Moreover, interaction with CaM is required for
the stability and function of Spc110 (8, 9). In mammalian cells,
the PACT domain of AKAP450 and pericentrin binds to CaM;
however, this binding is unessential for the centrosomal local-
ization of AKAP450 (2).

The Golgi complex plays a pivotal role in protein post-trans-
lational modification and cargo sorting. It also serves as a
microtubule-nucleating center in interphase cells (10 -13). The
Golgi usually shows a crescent moon morphology surrounding
the centrosome during interphase and becomes disassembled
during mitosis. Closely associated with each other, the centro-
some and the Golgi cooperate to function in various cellular
processes such as polarity establishment (14, 15). A number of
proteins, including AKPA450, FTCD (58K), and CAP350, local-
ize to both centrosomes and the Golgi complex (16 —18). It has
been proposed that centrosomes play an important role in
Golgi positioning and function (19, 20). In addition, Golgi activ-
ities such as GM130-dependent activation of Cdc42 regulate
centrosomal organization and function (21).

CDK5RAP2, a protein whose mutations cause autosomal
recessive primary microcephaly, is involved in the centrosomal
attachment of y-tubulin and centrosome cohesion (22-24). It
contains a y-tubulin complex-binding domain conserved in
Drosophila centrosomin (Cnn) and fission yeast Mtolp and
Pcplp, the proteins known to bind to y-tubulin complexes (23).
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This domain has also been referred to as Cnn Motif 1 (CM1)
(25). In addition to centrosomal localization, CDK5RAP2
attaches to growing microtubule tips by associating with EB1
and regulates the plus-end dynamics of microtubules (26). In
this report, we show the localization of CDK5RAP2 to the Golgi
complex and characterize its Golgi association. The centro-
some and Golgi-targeting domains are mapped in CDK5RAP2
to the C-terminal regions that contain a conserved motif,
Cnn Motif 2 (CM2). The CM2-like sequence of CDK5RAP2
exhibits Ca®>*-independent CaM-binding activity. We also
investigate the mechanisms employed by CDK5RAP?2 to tar-
get centrosomes and the Golgi complex and the role of the
CM2-like sequence, as well as its CaM-binding activity, in
such localizations.

EXPERIMENTAL PROCEDURES

Plasmids and Immunoreagents—Cloning of CDK5RAP2
fragments and deletion and point mutation variants were con-
ducted by PCR methods using the human sequence (23) as tem-
plate. The cDNA coding for human centrin 2 was amplified
from a human ovary ¢cDNA library (Clontech) and inserted
into pEGFP-N3 for expression of centrin-GFP. The follow-
ing siRNA duplexes were synthesized and used as described
previously: si-CDK5RAP2, 5'-UGGAAGAUCUCCUAAC-
UAA-3" (23); si-pericentrin, 5'-GCAGCUGAGCUGAAG-
GAGA-3" (27); and si-AKAP450, 5'-AACUUUGAAGU-
UAACUAUCAA-3' (11).

A mouse monoclonal antibody was generated against 1-70
of CDK5RAP2. Clone 5F6 of the monoclonal antibody was
selected to show high specificity of immunostaining. The anti-
Odf2/hCenexin antibody (28) was a gift from Dr. Kyung S. Lee
(National Cancer Institute, Bethesda, MD); the monoclonal
antibody GT335 that labels centrioles (29) was from Dr.
Carsten Janke (Insitut Curie, Orsay, France). The following
antibodies were purchased: anti-y-tubulin (GTUS88; Sigma),
anti-a-tubulin (Sigma), anti-centrin2 (N-17; Santa Cruz Bio-
technology, Santa Cruz, CA), anti-mannosidase II (Millipore),
anti-TGN46 (Serotec), anti-GM130 (BD Biosciences), mono-
clonal anti-AKAP450 (BD Biosciences), anti-pericentrin2
(Santa Cruz Biotechnology), anti-e-tubulin (Sigma), anti-EGFP
(FL, Santa Cruz Biotechnology), anti-His, (H-15, Santa Cruz
Biotechnology), and anti-FLAG (M2, Sigma).

Cell Culture and Fluorescence Microscopy—HeLa and
MCE-7 cells in Dulbecco’s modified Eagle’s medium, hTERT-
RPE-1 cells in Dulbecco’s modified Eagle’s medium/F12 (1:1),
and MRC5 cells in minimal essential medium were cultured
with 10% fetal bovine serum at 37 °C in 5% CO,. Transfection
was performed with the Lipofectamine and Plus reagents
(Invitrogen). Drug treatments were performed by maintaining
cells at 37 °C in the complete media under one of the following
conditions: 10 ug/ml brefeldin A (Sigma) for 1 h, 10 um
nocodazole (Sigma) for 1.5 h, or 50 mm 2-deoxy-p-glucose and
10 mMm sodium azide for 1.5 h. Cells were fixed in methanol at
—20 °C for 5 min and were then subjected to staining with anti-
bodies as indicated. Secondary antibodies were Alexa Fluor 488
or Alexa Fluor 594-conjugated donkey antibodies (Invitrogen).
Nuclei were labeled with Hoechst 33258 (Sigma).
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Cell images were acquired using an epifluorescence micro-
scope (Eclipse TE2000; Nikon). The quantification of fluores-
cence intensity was performed using the MetaMorph software
(Molecular Devices) as reported previously (30, 31). The images
selected for quantification were unsaturated and acquired
under identical conditions. The average fluorescence intensity
was measured within a ~1-um-diameter area over the centro-
somes or placed at the cytoplasmic areas without any specific
pattern. In each cell, three different areas in the cytoplasm were
measured to obtain the average cytoplasmic intensity. Back-
ground intensity taken from untransfected cells was subtracted
from the centrosomal and cytoplasmic measurements.

Centrosome Ablation—The laser ablation of centrosomes
was performed as described by Khodjakov and co-workers (32)
with modifications. Briefly, two-photon excited fluorescence
images of centrosomes labeled with centrin-GFP in HeLa cells
were obtained by excitation with a femotosecond laser with
pulse energy of 0.06 nJ (5 milliwatts). Laser pulses of 800 nm,
120 fs, 76 MHz generated by a titanium:sapphire laser (Mira
900; Coherent) were focused onto the centrosome with a 60X
and 1.20 NA objective lens. A 0.8-um square area centered at
the centrin dot was ablated with 8 nJ (620 milliwatts; 18 ws)
femtosecond laser pulses by a 3 X 3 point scan. After ablation,
cells were recovered at 37 °C in fresh medium for ~2 h.

CaM Binding Assay— CDK5RAP2 fragments were expressed
in fusion with a Hisg tag in Escherichia coli BL21(DE3) or with
GFP in HEK293T. Lysates were prepared with CaM-binding
buffer (10 mm Tris-HCI, pH7.3, 150 mm NaCl, 1 mm MgCl,, 1
mM EDTA, 0.5% Triton X-100, and 1 mMm phenylmethylsulfonyl
fluoride) supplemented with 2 mm CaCl, or 5 mm EGTA as
indicated and clarified by centrifugation (25,000 X g; 30 min) at
4. °C. CaM binding was tested in assays as described previously
(33). Briefly, CaM-conjugated Sepharose 4B (GE Healthcare),
which was prewashed with respective buffers, was incubated in
bacterial or cell extracts for 2 h at 4 °C with agitation. Blank
Sepharose 4B (GE Healthcare) was used in controls instead of
the CaM beads. The beads were then collected, washed, and
boiled in the SDS-PAGE sample loading buffer.

RESULTS

Centrosome-dependent Localization to the Golgi Complex—
We produced and subsequently affinity-purified a monoclonal
antibody recognizing an N-terminal region of CDK5RAP2.
When HeLa cells were fixed in methanol at —20 °C and stained
with the monoclonal antibody, CDK5RAP2 showed prominent
localization to the centrosomes (Fig. 1A). This is similar to pre-
viously reported observations (22-24). In addition, the mono-
clonal antibody stained the Golgi complex, which was labeled
with antibodies against TGN46 (trans-Golgi network) or man-
nosidase II (cis/medial-Golgi) (Fig. 1A). The Golgi localization
lasted throughout the interphase until mitosis, at which point
the Golgi was extensively fragmented. Golgi localization was
also observed in several other examined human cell lines, includ-
ing RPE-1 and MCF-7. Staining of both the Golgi and centro-
somes was eliminated when the expression of CDK5RAP2 was
suppressed using siRNAs (data not shown), confirming immu-
nostaining specificity of the antibody.
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FIGURE 1. Golgi localization of CDK5RAP2. A, Hela cells were stained with
the monoclonal CDK5RAP2 antibody and other antibodies as labeled. Mann Il
mannosidase Il. Cell cycle stages were identified by the centrin patterns
(insets). B-D, cells were subjected to treatment with brefeldin A (B), nocoda-
zole (C), or 2-deoxy-D-glucose and sodium azide (D). Scale bars, 5 um.

To confirm Golgi localization further, cells were treated with
brefeldin A to induce Golgi fragmentation (34). The treatment
abolished the Golgi-staining patterns of CDK5RAP2 without
affecting its centrosomal staining (Fig. 1B). Golgi association
was also characterized using the following procedures. Treat-
ment with nocodazole, a microtubule-depolymerizing agent,
caused Golgi fragmentation by inhibiting endoplasmic reticu-
lum-to-Golgi anterograde transport (35). In the nocodazole-
treated cells, CDK5RAP2 continued to co-localize with manno-
sidase II to the fragmented Golgi (Fig. 1C), indicating that
CDK5RAP2 targets Golgi membranes in a microtubule-inde-
pendent manner. When cells were depleted of the cellular ATP
pool by treatment with 2-deoxy-D-glucose and sodium azide
(36), CDK5RAP2 dissociated from the Golgi complex (Fig. 1D),
revealing the energy dependence of CDK5RAP2 retention at
the Golgi complex. The above treatments did not alter the cen-
trosomal localization of CDK5RAP2.

Given the localization of CDK5RAP2 to both the Golgi and
centrosomes, we investigated whether Golgi localization is
centrosome-dependent. To this end, centrosomes labeled with
centrin-GFP were removed by short pulses of a laser beam. The
ablation removed the centrosomal pattern of centrin-GFP fluo-
rescence (Fig. 2, upper). After ablation, cells were maintained
under culture conditions for a period of time (~2 h) before they
were subjected to immunostaining. The laser ablation elimi-
nated the centrosomal staining of CDK5RAP2 (Fig. 2), confirm-
ing the physical removal of the centrosomes. The ablation did
not disrupt the Golgi complex, as the Golgi morphology
appeared normal in centrosome-ablated cells (Fig. 2). However,
CDK5RAP2 completely dissociated from the Golgi complex in
the ablated cells (Fig. 2). In the control cells, laser ablation per-
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FIGURE 2. Centrosomes are required for the localization of CDK5RAP2 to
the Golgi complex. Hela cells expressing centrin-GFP were subjected to
laser ablation of the centrosome or a cytoplasmic area (inside the boxed
areas). Enlarged is the centrosomal area before and after ablation. After abla-
tion, cells were cultured for 2 h and then processed for immunostaining.
Shown are the representatives of five centrosome-ablated or control ablation
cells from three separate experiments. Scale bar, 5 um.
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FIGURE 3. Mapping the Golgi-targeting region. Cells transfected with
CDK5RAP2 fragments or mutant (FLAG-tagged) were processed for anti-
FLAG and anti-GM130 staining. 1456 -1893(ACBD), 1456 -1893 deleted from
fragment(1861-1870). Representative images of three independent experi-
ments are presented. Scale bar, 5 um.

formed at a cytoplasmic area under the same conditions did not
affect the centrosomal and Golgi localization of CDK5RAP2
(Fig. 2). These assay results indicate that centrosomes play an
indispensable role in the association of CDK5RAP2 with the
Golgi complex.

Various CDK5RAP2 fragments were produced to investi-
gate their potential in Golgi targeting. The C-terminal frag-
ment 1456-1893 displayed Golgi and centrosome patterns
similar to those of the full-length protein, whereas the N-ter-
minal construct 1-1660 did not show such properties (Fig. 3). A
mutant of 1456 —1893 was generated in which a short segment
adjacent to the C terminus, 1861-1870, was deleted. The muta-
tion was referred to as ACBD (see below). The ACBD mutant of
1456 -1893 did not show any obvious Golgi pattern (Fig. 3),
revealing the requirement of having 1861-1870 for localiza-
tion. Truncation of 1456 -1893 to 1726 —-1893 greatly dimin-
ished the Golgi-localizing activity (see Fig. 7A). Hence, Golgi
localization requires a large C-terminal domain encompassing
the region 1861-1870.

A= VEN
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Conserved Motif at the C Terminus of CDKSRAP2—
CDK5RAP2 and its related Drosophila protein Cnn share
homology in two regions, CM1 and CM2, located at the N and
C termini, respectively (23, 25, 37). We have shown previously
that the CM1-like sequence of CDK5RAP2 is a y-tubulin com-
plex-binding domain (23). Sequences that are highly homolo-
gous to CM1 have been found in several proteins in lower
organisms, including three putative animal proteins: one from
chicken (XP_415517) and two from zebrafish (CAI11891 and
AAHA46878) (23, 37). Located within the Golgi-targeting region,
the CM2-like motif comprises ~50 amino acids adjacent to
the C terminus of CDK5RAP2 (Fig. 4A4). Chicken XP_415517
and zebrafish CAI11891 contain a homologous sequence, but
zebrafish AAH46878 does not (Fig. 4A4). Interestingly, sequence
analysis via a Web-based method using the Calmodulin Target
Data base (38) predicted a CaM-binding site spanning 1861—
1870 of CDK5RAP2 (Fig. 4A). This short stretch is rich in
hydrophobic and basic residues and is also predicted to exist
in an a-helix configuration. Both are features of CaM-bind-
ing domains.

We generated several GFP fusion constructs derived from
the C terminus of CDK5RAP2 and transfected them into HeLa
cells to examine their subcellular localization. At low and
medium expression levels, the fragment 1726-1893, a con-
struct containing the entire CM2-like motif, showed strong
localization to the centrosomes (Fig. 4B). These centrosomes
were labeled for centrin, a centrosomal marker residing at the
distal ends of the centrioles (39). The fragment 1726 —1893 also
showed Golgi-like patterns in the perinuclear region, with very
low intensities (see Fig. 7A). To assess the centrosome-localiz-
ing activity further, we quantified the signals on the centro-
somes, and in the cytoplasm of 1726 —1893 from cells express-
ing the protein at various levels. The centrosome/cytoplasm
ratios of the fragment showed the protein to be highly enriched
on the centrosomes at low expression levels (Fig. 4B). When the
expression was increased, the centrosome/cytoplasm ratios
were quickly reduced accordingly until eventually, they were
maintained at a low level (Fig. 4B). These results indicate that
1726 -1893 attaches to the centrosomes with high affinity and
specificity, and in a saturable manner.

The fragment 1726 -1893 displayed stronger localization to
one of the two centrioles in majority of the transfected cells
(Fig. 4B). This phenotype was most evident in cytokinesis/early
G, cells (Fig. 4B). Double staining with an Odf2/hCenexin anti-
body, which specifically labels mother centrioles (28, 40),
revealed the preferential localization of the transfected frag-
ment to the mother centrioles (Fig. 4C). The fragment 1726 —
1893 became equally distributed to both centrioles in a small
population of cells (Fig. 4B). The centrosome-localizing pat-
terns of 1726 —1893 were very similar to those of endogenous
CDK5RAP2 (Fig. 4C). Note that the expression of this
CDK5RAP2 fragment at high levels formed cytoplasmic
aggregates and was identified as cytotoxic. The fragment
1726 -1840, a construct with a truncated CM2-like motif,
did not show any discernible centrosomal accumulation (Fig.
4B). Further truncation at the N terminus of 1726 -1893 led
to the formation of protein aggregates in various sizes in the
cytoplasm, even at low expression levels. Hence, 1726 —1893
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FIGURE 4. CDK5RAP2 contains a conserved centrosome-targeting domain
adjacent to the C terminus. A, sequence alignment of a C-terminal region from
CDK5RAP2 and related proteins. Two putative proteins are from chicken (Gallus
gallus; GenBank accession no. XP_415517) and zebrafish (Danio rerio; GenBank
accession no. CAI11891). Sequence in red is the predicted CaM-binding motif.
Asterisks mark Lys'®* and Lys'#° that are mutated for CaM-binding tests. B, C-
terminal fragments of CDK5RAP2 transiently expressed in fusion with GFP at the
N terminus. The cells were stained with a centrin antibody. Arrows denote cen-
trosomes. Fluorescent intensities were determined at different expression levels
of the proteins to derive the intensity ratios of the centrosomes to the cytoplasm.
The cytoplasmic GFP signals are expressed in arbitrary units (A.U.). C, Hela cells
transfected with GFP-tagged 1726 -1893 (upper) and stained for Odf2/hCenexin
to identify mother centrioles. Untransfected cells (lower) were stained for endog-
enous CDK5RAP2 and Odf2/hCenexin. The same results were obtained in three
independent experiments. Scale bars, 5 wm.

specifically targets centrosomes with the CM2-like motif
within the region essential for centrosomal targeting.
Binding of CaM with the CM2-like Motif—We tested puta-
tive CaM binding with the CM2-like motif of CDK5RAP2.
Recombinant proteins derived from the C terminus of
CDK5RAP2 and encompassing the CM2-like motif were
expressed in bacteria with a His, tag at the N terminus. The
construct 1660 —-1893 was used for the binding test because of
the poor solubility of 1726-1893 expressed in bacteria. The
binding assays were performed in the presence of Ca®>" or
EGTA. In the assays, bacterial extracts expressing 1660 —-1893
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FIGURE 5. CaM binds to the CM2-like motif of CDK5RAP2. A, bacterial
extracts expressing Hisg-tagged 1660-1893 were prepared in the presence of
either 2mm Ca®* or 5 mm EGTA. After incubation of CaM-conjugated or blank
Sepharose in the extracts, proteins bound to the beads were immunoblotted
with an anti-Hisg antibody. B, fragment(1660-1893) and its mutants were
transiently expressed in HEK293T with a GFP tag. The cells were extracted
either in the Ca?*-containing or in the EGTA-containing buffer. After binding
of proteins in the extracts to CaM-conjugated or blank Sepharose, bound
proteins and the inputs were analyzed on anti-GFP immunoblots. ACBD,
1660-1893(A1861-1870); K1865/9A, 1660-1893(K1865A/K1869A); WT, wild
type. C, fragment(1726-1893) and its ACBD and K1865A/K1869A mutants
were expressed in Hela cells as GFP-tagged proteins. The cells were sub-
jected to anti-centrin immunostaining. The same results were obtained in
three independent experiments. Scale bar, 5 um.

K1865/9A

were incubated with CaM-conjugated or blank Sepharose.
After binding, the immunoblotted proteins bound to the
Sepharose beads revealed the association of 1660-1893 with
the CaM of Ca®" (Fig. 5A). In a control assay, a His,-tagged
irrelevant protein did not bind to CaM (data not shown). This
indicates that tag moiety does not conform to the CaM binding.
Therefore, this CDK5RAP2 fragment displays Ca®>*-independ-
ent and direct binding of CaM.

To validate the requirement of the predicted CaM-binding
site for CaM binding, we generated a mutant of 1660-1893
with deleted 1861-1870 region and designated it as the CaM-
binding domain-deleted mutant (ACBD). We also noted that
two Lys residues within the predicted motif, Lys'®*** and
Lys'®%°, were not conserved in the related proteins of lower
organisms (Fig. 44). We tested the involvement of these two
residues in CaM binding by substituting both lysines with Ala.
The resulting mutant was designated as 1660 —-1893(K1865A/
K1869A). The wild-type and mutant constructs were tran-
siently expressed in HEK293T instead of in the bacteria for
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the CaM-binding test, as the mutant protein expressed in bac-
teria showed high background attachment to Sepharose. The
HEK293T extracts were prepared under the condition either
with or without Ca*>* but with EGTA. The wild-type protein
specifically co-precipitated with CaM, both in the presence
and in the absence of Ca®>" (Fig. 5B). This is in agreement with
the binding results using the bacterially expressed protein.
Under both conditions, neither 1660 —-1893(ACBD) nor 1660 —
1893(K1865A/K18699A) showed any detectable CaM-binding
activity (Fig. 5B). These results reveal the crucial roles of 1861—
1870, as well as the two lysines within this motif, in associating
with CaM.

To investigate the potential role of CaM binding in the cen-
trosomal targeting of the CM2-like motif, we examined the sub-
cellular localizations of 1726-1893 and its K1865A/K1869A
and ACBD mutants. The K1865A/K1869A mutant displayed
intensive localization at the centrosomes, similar to the wild-
type (Fig. 5C). However, the ACBD mutant was distributed
throughout the cytoplasm without specific accumulation on
the centrosomes (Fig. 5C). These results indicate that the
sequence 1861-1870, but not the CaM-binding activity, is
indispensable for centrosomal targeting. Considering the con-
servation of the CM2-like motif, but not of Lys'#¢° and Lys'#¢%,
in the related proteins of lower organisms, we reason that cen-
trosomal targeting, but not CaM binding, is a conserved func-
tion of this domain.

Requirement of the CM2-like Motif for Centrosome and Golgi
Targeting—To assess the role of the CM2-like motif and its
CaM-binding activity in CDK5RAP2 localization, we intro-
duced the ACBD and K1865A/K1869A mutations into full-
length CDK5RAP2. When expressed in HeLa cells, both the
wild-type and K1865A/K1869A proteins exhibited centroso-
mal and Golgi localization (Fig. 6A4). The ACBD mutant dis-
played mostly diffused patterns, without specific localization to
the Golgi and centrosomes (Fig. 6A). The centrosome-localiz-
ing activities were further evaluated by determining the centro-
some/cytoplasm ratios of fluorescent signals. The fluorescence
intensities at the centrosomes and in the cytoplasm were mea-
sured in cells transfected at various levels to determine the
ratios. The wild-type protein and the K1865A/K1869A mutant
were incorporated into the centrosomes with similar affinities,
whereas the ACBD mutant yielded low centrosome/cytoplasm
intensity ratios across the concentration range (Fig. 6B). These
results indicate the essential role of the CaM-binding domain,
but not its CaM-binding function, within the CM2-like motifin
targeting CDK5RAP?2 to centrosomes and the Golgi complex.

To explore the molecular basis underlying the centrosome
targeting of CDK5RAP2, we searched for proteins that interact
with its tail region. It has been shown that CDK5RAP2 and
pericentrin display mutual dependence for centrosomal
localization (41). In an immunoprecipitation experiment of
1726 -1893, the co-immunoprecipitation of pericentrin was
readily detected (Fig. 7A). In addition, AKAP450, a protein that
localizes to both centrosomes and the Golgi complex (18, 42,
43), was also found to co-precipitate with 1726 —1893 (Fig. 7A).
In contrast, neither pericentrin nor AKAP450 was co-immuno-
precipitated with the ACBD mutant (Fig. 7A). We also probed
another centrosomal protein, e-tubulin (44), but did not detect
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FIGURE 6. Centrosomal and Golgi localization of CDK5RAP2 and its mutants. A, CDK5RAP2 wild-type
(WT) and the ACBD and K1865A/K1869A mutants expressed in Hela cells. The cells were stained for
FLAG-CDK5RAP2 (anti-FLAG), centrioles (GT335), TGN46, and DNA. Boxed areas are enlarged. ACBD,
CDK5RAP2(ACBD); K1865/9A, CDK5RAP2(K1865A/K1869A). B, fluorescent intensity ratios of the centro-
somes to the cytoplasm. Analyzed are cells expressing the wild type or the mutants at various levels.
Representative results of three independent experiments for each panel are shown. Scale bar, 5 pm.

it in the immunoprecipitates (data not shown), revealing that
the centrosomes were not pulled down by the CDK5RAP2
fragment.

We went further to suppress the expression of pericentrin
and AKAP450 and examined their effects on the localization of
CDK5RAP2. The expressions were inhibited by transfecting
cells with siRNA duplexes against pericentrin or AKAP450 as
described previously (11, 27). The inhibition of pericentrin
expression blocked the localization of CDK5RAP2 to both the
centrosomes and the Golgi complex (Fig. 7B). Interestingly, the
depletion of AKAP450 eliminated the Golgi localization of
CDK5RAP2, but did not affect its centrosomal localization (Fig.
7C). We also observed Golgi fragmentation upon AKAP450
depletion (Fig. 7C), in agreement with a previous report (45).
These results indicate that CDK5RAP2 requires interaction
with pericentrin for centrosomal and Golgi localization and
requires binding with AKAP450 for Golgi localization.

We overexpressed the centrosome-targeting fragment 1726 —
1893 to assess its effect on the localization of endogenous
CDK5RAP2. The expression of 1726 —1893, even atlow levels, dra-
matically reduced the staining of endogenous CDK5RAP?2 at the
centrosomes and the Golgi networks (Fig. 7A). In contrast, the
expression of its ACBD mutant did not show such effects (Fig.
8A). As previously mentioned, these expressions did not affect
the centrosomal localization of centrin (Figs. 4B and 5C). How-
ever, the expression of the wild-type fragment inhibited the
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localization of y-tubulin to the cen-
trosomes (Fig. 8B), consistent with
the function of CDK5RAP2 in
recruiting y-tubulin to centrosomes
(23). We observed similar effects
using the longer construct 1456 —
1893 (Fig. 8C and data not shown).
These assays suggest that the
expression of the centrosome-tar-
geting domains displaces endoge-
nous CDK5RAP2 from centro-
somes and abolishes the Golgi
localization of the endogenous
protein.

DISCUSSION

CDK5RAP2, a large protein with
multiple coiled-coil domains, dis-
plays several functions in the con-
trol of microtubule organization.
Such functions include assembly of
v-tubulin into centrosomes, centro-
some cohesion, and microtubule
plus-end regulation (23, 24, 26). In
the present study, we have de-
monstrated the localization of
CDK5RAP2 at the Golgi complex
using a newly generated mono-
clonal antibody. Similarly, myo-
megalin (also named as phosphodi-
esterase 4D-interacting protein), a
CDK5RAP2 homolog expressed in
mammalian muscles, is a centrosomal and Golgi protein (46). A
possible explanation as to why the Golgi localization of
CDK5RAP2 has not been described previously is that the ability
to detect Golgi association can be affected by antibody sensitiv-
ity and specificity, as well as by epitope location. Upon brefeldin
A treatment, CDK5RAP2 completely disperses from the Golgi
throughout the cytoplasm without detectable retention in the
endoplasmic reticulum, implying that it is unlikely to be a lumi-
nal Golgi resident protein. CDK5RAP2 associates with Golgi
membranes through a microtubule-independent mechanism,
as it remains to associate with fragmented Golgi stacks in
nocodazole-treated cells. We have also determined that ATP
depletion quickly dissociates CDK5RAP2 from the Golgi, sug-
gesting a dynamic association of CDK5RAP2 with the Golgi
complex. Such ATP-dependent association is reminiscent of
proteins residing in the cis-Golgi network that are actively
involved in endoplasmic reticulum-to-Golgi trafficking (36).

At present, the function of CDK5RAP2 at the Golgi remains
unclear. As a microtubule-organizing organelle, the Golgi com-
plex contains y-tubulin complexes to mediate microtubule
nucleation (10). Given that CDK5RAP2 is a y-tubulin complex-
binding protein (23), CDK5RAP2 may act in the attachment of
y-tubulin complexes to, and microtubule nucleation at, the
Golgi complex. It has been reported that GMAP-210 and
AKAP450 are involved in such functions at cis-Golgi mem-
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FIGURE 7. CM2-like motif is required for binding of several PCM/Golgi
proteins to the C-terminal region of CDK5RAPS5. A, Hela cells transfected
with FLAG-(1726-1893) or its ACBD mutant were subjected to anti-FLAG
immunoprecipitation. The immunoprecipitates (/Ps) and the extracts (Inputs)
were analyzed on immunoblots. ACBD, fragment (1726 -1893)(ACBD). B, cells
transfected with control or pericentrin-targeting siRNA immunostained for
CDK5RAP2, centrin2, and TGN46. C, Hela cells transfected with control or
AKAP450-targeting siRNA subjected to immunostaining. Data shown are rep-
resentative from three independent experiments. Scale bars, 5 um.

branes (10, 11). CDK5RAP2 seems to be functionally related to
these proteins at the Golgi complex.

The centrosome and the Golgi complex are two closely asso-
ciated cellular organelles. The centrosome has been suggested
as determining Golgi positions and playing an important role in
its function (19, 20). We have found that CDK5RAP2 resides in
both organelles. Moreover, using laser-based microsurgery, we
have demonstrated that the Golgi association of CDK5RAP2 is
dependent on centrosomes. This finding represents the first
report of the indispensable role of centrosomes in protein
assembly in the Golgi complex. It is plausible that CDK5RAP2
traffics from centrosomes to the Golgi complex; such traffick-
ing would be one mode by which centrosomes affect Golgi
organization.

In eukaryotes, y-tubulin is essential in the microtubule-organiz-
ing function of centrosomes or their equivalents. CDK5RAP2
associates with the y-tubulin ring complex through the con-
served CM1-like motif at the protein N terminus, thus playing
an important role in the centrosomal assembly of y-tubulin
(23). We have demonstrated here that the CM2-like motif and
its flanking regions serve as a centrosome-targeting domain.
Both CM1 and CM2 are conserved in the putative proteins of
chicken (XP_415517) and zebrafish (CAI11891), implying that
these proteins are functionally related to CDK5RAP2 and Cnn
in the respective organisms. The CM2-like motif of CDK5RAP2
contains an unclassified CaM-binding motif and possesses a
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FLAG-1456-1893 CDK5RAP2 TGN46 CDK5RAP2/TGN46

FIGURE 8. Overexpression of the C-terminal fragments delocalizes
endogenous CDK5RAP2 from centrosomes and the Golgi complex.
A, Hela cells were transfected with the CDK5RAP2 fragment(1726-1893) or
its ACBD mutant. The cells were stained for endogenous CDK5RAP2 and man-
nosidase Il (Mann Il). WT, wild type; ACBD, fragment(1861-1870) deletion
mutant. B, cells expressing fragment(1726-1893) were stained for y-tubulin.
The centrosomal area is enlarged from an untransfected (solid line) and a
transfected (dashed line) cell. C, cells were transfected with fragment(1456 -
1893) and then stained for endogenous CDK5RAP2 and TGN46. Representa-
tive data of three separate experiments for each panel are presented. Scale
bars, 5 um.

CaM-binding activity. However, such binding is not required
for centrosomal and Golgi targeting of the protein. In fact, one
or both lysines within the CaM-binding motif crucial for CaM
binding are substituted in Drosophila Cnn and in the chicken
and zebrafish sequences, suggesting that such binding property
is not conserved in the corresponding sequence of these
proteins.

The CDK5RAP2 fragment 1726 —1893 containing the CM2-
like motif associates with centrosomes with high affinity and in
a specific manner. Within this fragment, the CM2-like motif
plays a crucial role in centrosomal assembly. This conserved
motif does not show significant homology to documented cen-
trosome-localizing sequences, such as the PACT domain from
pericentrin and AKAP450 and the centrosomal localization sig-
nal of cyclin E (2, 3). Therefore, CDK5RAP2 and related pro-
teins may contain a distinct centrosome-targeting domain. The
disruption of the CM2-like motif dramatically diminishes the
centrosomal localization of CDK5RAP2, pointing to a principal
role of this domain in the attachment of CDK5RAP2 to centro-
somes. These results suggest that the centrosomal localization
is through a conserved mechanism dictated by the C-terminal
sequence.

Our data show that CDK5RAP2 appears to be assembled
onto centrosomes through interacting with pericentrin, al-
though the centrosome-targeting region of CDK5RAP2 inter-
acts with both pericentrin and AKAP450. Pericentrin is a scaf-
fold protein that serves to recruit a number of proteins to the
PCM (47, 48). The interaction with pericentrin is consistent
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with our previous observation that the cytoplasmic aggregates
formed by overexpressed CDK5RAP2 contains pericentrin
(23). However, our results do not exclude that the possible asso-
ciation of CDK5RAP2 with other PCM proteins also contrib-
utes to its centrosomal assembly. In fact, we detected the bind-
ing of CDK5RAP2 to Cepl170,®> a centrosomal protein with
preferential localization to the mother centriole (49), in addi-
tion to pericentrin and AKAP450. Therefore, CDK5RAP2 may
associate with multiple proteins on the centrosomes.

Compared with the centrosome-targeting sequence, a rela-
tively large region (i.e. 1456-1893) containing the CM2-like
motif is responsible for directing CDK5RAP2 to the Golgi com-
plex. Within the Golgi-targeting region, the centrosome-tar-
geting sequence (i.e. 1726 —1893) has at least two roles in Golgi
attachment. First, it plays an indirect role by determining the
centrosomal assembly of CDK5RAP2, as the centrosomal tar-
geting is requisite for the Golgi localization of CDK5RAP2. Sec-
ond, it associates with the Golgi protein AKAP450. Such asso-
ciation is indispensable but inadequate for the Golgi
localization. Thus, CDK5RAP2 employs a complex targeting
mechanism in which the centrosome-targeting sequence plays
a key role. Future analysis of how centrosomes mediate the
Golgi targeting of CDK5RAP2 would provide more insights on
the centrosome and Golgi coalition.
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