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ABSTRACT. In this study, we report the identification afnzymatically active, multifunctional
calcium/calmodulin-dependent protein kinase in centrosomes of FEsIIBPLising subcellular fractionation and
immunofluorescence techniques. Centrosomes were isolateddtergent lysates of FDCP cells by sucrose density
gradient centrifugation and contain tubulin (M = 58 kDa) and centrin (M = 20 kDa) by immunoblotting. Analysis
of these fractions with anti-calcium/calmodulin kinase Il antibody revealed the presence of the 52 kDa and 56 kDa
doublet corresponding to theand theB/p' subunits of the enzyme complex. In vitro kinase reactions with isolated
centrosomes and in the presence of calcium and calmoesiitis in the phosphorylation of several centrosomal

proteins.
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INTRODUCTION quiescent ratembryo fibroblasts hiat are
stimulated with serum to re-enter the cell cycle, a
The multifunctional calcium/calmodulin-  amsient rise in intracellular €3  activates
dependent protein kinase (?Ca /CaM kinase Il) is 2*Ca /CaM klhaseggesting that the enzyme
an important effector of G#calmodulin mediatesthe action of growth factors (3).
signalling incells. Theenzyme complex is a  Transient increases i @ee required for G -S
multimeric structure (550-650 kDa) consisting of and, G -M phase progression (4). In a
four (o, 3, v, 0) closely related gene products of ~ hemopoietic system in which buoyant tonsillar B
56-60 kDa thatbecome autophosphorylated in cells are transitting étle aycle, CH /CaM
response to increases in intracellular®®Ca . kinase Il is more active than in resting, dense
C&*/CaM kinase Il isnost abundant ibrain, tonsillar cellg5). In ahairy cell leukemic cell
where it functions to regulate neurotransmittor limdhich contains unusuallyigh levels of
release and in the induction of long-term intracytoplasmi"c+ Qagh, levels of C# /CaM
potentiation (1). kinase Il activity result in hyperphosphorylation of
It is well documented that €& s required for CD20, a membpanein involved in B cell
cell cycle progression and mediates its actions via activation (6).
CaM, theprimary intracellulareceptor (2). In A role for G /CaMinase Il in cellcycle

Abbreviations used: CaM, caimodulin; ECL, enhanced chemiluminescence; EDTA, ethylene diamine-N,N,N',N'-tetraacetic acid; EGTA,
ethylene glycol-bis-(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; PBS,
phosphate-buffered saline; PIPES, piperazine-N,N*-bis[2-ethanesulfonicacid]; SDG, sucrose density gradient; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophorediBS, Tris-bufferedsaline; TCA, trichloroacetic acid; W7, N-(6-aminohexyl)-5-chloro-1-
naphthalene-sulfonamide.
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progression is  further supported by Immunofluorescence.FDCP1cells (1 X 1@)
immunofluorescence studies localg the enzyme  were pelleted from cultunmediumand washed
(7) as well aCaM (8) in themitotic apparatus twice withPBS. Thecellswere resuspended in
and centrosomes of mammalian cells. A putatived.05 ml PBS and applied to poly-L-lysine-coated
substrate of C& /CaMkinase Il has been glass microscope slides. Tealswereallowed
localized tothe mitotic apparatus am@comes to adhere for 1Bin at 37C, rinsed in PBS and
phosphorylated in response to’Ca and CaM (9)then fixed inacetone for 3nin. The cells were
Furthermore, a 20 kDa é’é&binding protein  rehydrated with PBSontaining 1% BSA and
named centrin or caltractin has extensiveincubated for 3dnin at 37C with rabbit anti-
structural homology with CaM and is a C&*/CaM kinase II (19/ml) and mousanti-
component of the pericentriolamaterial in  centrin (1:500)antibodies diluted in the same
centrosomes from divergent species (10, 11). buffer. The slides were rinsed in PBS to remove
Mouse leukemid=DCP1cellsare a growth unbound antibodies and incubated with goat anti-
factor-dependent cell line iwhich cell cycle  rabbit IgG (Fab’), -FITC (Zymed,South San
progression can be studied. @ We becamd-rancisco, CA) and sheep anti-mouse IgG (Fab') -
interested in studying @4 /CaM kinase Il as partTexas Red (Cappel, West Chester, PA) each
of our studies on the regulation of centrosomediluted 1:400 in PBS/1% BSA. After additional
function by signal transduction pathways inwashes in PBS, thglideswere mounted in 2.5
hemopoietic cells. No studies wate have mg/ml DABCO [1,4-diazobicyclo-(2,2,2)-octane]
directly demonstrated the presence ofin 90 % glycerol in PBS, pH 8.5 to reduce fading
enzymatically active C&* /CaM kinase Il in offluorescence. The cells were observed using a
centrosomes. In this report, we demonstrate thateitz microscope equipped for epifluorescence
in FDCP1 cells C& /CaM kinase Il is associatedmicroscopy angbhotographedising T-Max 400
with centrosomes using both immunofluorescencdilm.
localization and subcellular fractionation.
Furthermore, we demonstrate that theCell fractionation and centrosome isolation.
centrosomal G2 /CaM kinase Il can be activated"DCP1 cells were grown in RPMImedium

by c&* and CaM. containing 5-10% WEHI-conditioned medium (a
source of IL-3), and 10%etal calf serum.
METHODS Subcellular fractions consisting of Triton-soluble

and insoluble fractionsere prepared froroells
Antibodies. Affinity-purified antibody against lysed in 1%v/v) NP-40. The lysate was
Cca*/CaM kinase Il (RU-16) was obtained from cénged at500 x g topellet nuclei, and the
A. Czernik, Rockefeller UniversitfNew York, post-nuclear supernatant was spun at 100,000 x g
NY. RU-16 was raised to a peptide correspond- for 60 min. The resulting supernatant is referred
ing to residues 501-531 of tflesubunitthat is  to as the Tion-soluble fraction, and the pellet as
highly conserved inall known subunits and the Triton-insoluble fraction. Centrosomes were
recognizes thea and B/B' subunits (12). isolated from FDCPL1 cells essially as described
Antiserum 26/14-1 against the pericentriolar for human KE37 T-lymphoblastic cells (13). Cells
protein centrirwas obtained from Jalisbury, (2 x 1D ) were treated with 2 X 10 nbcodazole
Mayo Clinic, Rochester, MN. This antibody was and 1 pgitdchalasin Bor 90min at 37C.
raised against darpE-centrin fusion protein Cells were harvested by centrifugation at 400 x g
expressed from a cDNA  encoding for 5 min, washed twice with PBS, and once with
Chlamydomonas reinhardtgentrin and reacts 0.1x PBR®ntaining 8% (w/v)sucrose. Cells
with mammalian centrin (10). Anti-tubulin was were lysed in 0.5% (v/v) NP-40, 1ImM Tris-HCI,
obtained from Amersham (Arlington Heights, IL). pH 8.0, 0.01 M 2-mercaptoethanol, 0.5 mM
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MgCl,, 1 mM phenylmethanesulfonyl fluoride, (viWlween 20 and incubated with 1:5000
and 10 pg/ml each of aprotinin, leupeptin, and dilutiomlocking buffer of eithegoat anti-
pepstatin A, and centrifuged at 1200 x g for 10rabbit or anti-mouse IgG-peroxidase conjugate
min to pellet nuclei. The post-nuclear supernatant (Amersfan) hr at room temperature. The
was adjusted to 0.01 M PIPES, pH 7.2 and blots warhed as described above and bound
digested with 600 units of DNase I. The treatedantibodieswere visualized byECL detection
supernatant was loadeshto a discontinuous (Amersham). The molecular weight markers used
sucrose gradient consisting of 70% (w/v) sucrose for electrophoresis include bovine serum albumin
at the bottomfollowed by50% and 40%ayers (66 kDa), ovalbumin (43 kDa), carbonic
made in 0.01 M PIPES, pH 7.2, 0.1% (v/v) Triton anhydrase (30 kDa), soybean trypsin inhibitor (22
X-100, 0.01 M 2-mercaptoethanol. The tubes kDa), and lysozyme (14.4 kDa).

were centrifuged in a SW28 rotor at 100,000 x g

for 60 minand 0.5 mlfractions were collected In vitro phosphorylation. Endogenous protein
from the bottom of the tubes. Centrosomes werghosphorylation was performed in a 10 pl
concentrated by diluting each fraction up to 5 mlreaction volume containing centrosomes (100 ng
with 0.01 M PIPES, pH 7.2nd centrifuged at protein) in 25 mMHEPES, pH 7.4, 10 mM
50,000 x g in a SW 50.btor for 60min. The  MgCl,, 1 mM EGTA, 1.5 mM C& , 3Qig/ml
pelleted centrosomes were resuspended in 0.05 M@aM (Sigma, StlLouis, MO) and 5uCi Jy-

0.01 M PIPES pH 6.8nd stored at -70C.  32P]ATP (3000 Ci/mmol, Ameham) at 37C for
Protein determinationsvere performedusing 20 min (12). The reactions weterminated by
colloidal gold (QuantigoldDiversified Biotech, the addition of 2x Laemmli sample buffer, boiled

Newton Centre, MA) to quantitate submicrogramfor 3 min, and analyzed by SDS-
amounts of protein. PAGE/autoradiography.
SDS-PAGE and immunoblotting. SDG A B

fractions were fractionated by SDS-PAGE (14) hom
and transferred tolmmobilon membranes
(Millipore, Bedford, MA) using the modification Figure 1. ~ Enrichment = of

. 66 4 C&*/CaM kinase Il in the Triton-

of Otter (15). Gels were transferred in 2x transfer 4. . insoluble fraction of mouse
ico i —— leukemic FDCPXells. Aliquots

buffer [50 mM Tris-base, 384 mM glycine, 0.01 @ o (1 ng ach) of the Triton-Soluble
% (w/v) SDS, 20 % (v/v) methanol] at 80 mA for (A) and -insoluble(B) fractions

60 min,followed by 280 mA for 30nin. After — | oot e o omemabed
transfer, the membranes were stained with 0.2 % with ?jnti-lce?; /CaM_kinase |

. . . . . If . t
Ponceau S in 1 %cetic acid tovisualize the £ aathoay ES;QKB’;)and%/%?S('gg”S
molecular weight standards, and destained with kDa) subunits of the kinase are

indicated by arrows.

TBS (0.02 M Tris-HCI, pH7.5, 0.15 MNacCl). il
The blots were then treatedith 0.2% (w/v) . i
glutaraldehyde ifPBS for 5min and washed in

TBS. The blots were incubated with 5% (w/v)

non-fat dry milk in TBS containing 0.1% Tween- RESULTS

20 (blocking buffer) for 2 hrs aambient

temperature. Antibodies against-tubulin, In order todetermine whether @4 /CaM
Ca?*/CaM kinas#l, and centrin were diluted in i oco 11 is oresent in FDCPcells and  is
blocking buffer containing 1 mM Cafl and ,eqqciated with the cytoskeleton, cells were lysed

incubated ove_rnight _at°4:. The l_)l(_)ts WEre in 0.5% NP-40and the post-nuclear supernatant
rinsed 4 x 30 min eachitit TBS containing 0.1%
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was centrifuged to obtain Triton-soluble and - kinaseollld be detected in centrosomes of
insoluble fractions. As shown in Figure 1, FDCP1cells using immunofluorescence
Cc&*/CaM kinase Il antibody recognizes both the microscopy. Acetone-fixed FEHEI®ivere
o (52 kDa) andp/p' (56 kDa)subunits in the incubated with affinity-purified rabbit anti-
Triton-soluble (lane A) and -insoluble (lane B) 2ta /CaM kinase I antibody in combination with
fractions. The Triton-insoluble fractiomhich mousemonoclonal anti-centrin as a marker for
represents 14% of the total protein in paest- catrosomes. As shown in Figure anti-
nuclearsupernatant, contain2-fold greatero Cc&*/CaM kinase I antibody is concentrated in a
and~4-fold greatei3/p3' subunits than the soluble highly localized, perinuclear regig@i\), which
fraction, which contains 86% of the total protein. co-localizes with centrosomes, as revealed by
Accounting for this difference in protein levels in anti-centrin (B). In prometaphase/metaphase cells,
the Triton-soluble and insolubfeactions, thex where centrosomes occupy opposite poles of the
and the p/p' subunits areenriched in the  cell, anti-4 /CaM kinase Il and anti-centrin co-
detergent-insoluble fraction by factors of 12 and alze inthe duplicated centrosomes (Fig. 2 A
24 fold, respectively. The antibody also detectsa  and B, arrowsglls incubated with the
80 kDa protein in the Triton-soluble fraction sedary antibodies alonghow nolabeling of
(Figure 1, lane A) that has been found in rat aortic centrosonaeg/ othercellularstructure (Fig.
vascular smooth muscle cells (16) and in rat heart 2 Cand D).
(a7).

We next determined whether €a /CaM

Figure 2. Immunofluorescence localization ofta /CaM
kinase Il in centrosomed=DCP1cells were attached to
poly-L-lysine glass slides and fixed in acetone. Cells were
incubated with affinity-purified rabbit anti-€5 /CaM
kinase Il and mouse monoclonal anti-centrin antibodies (A,
B) or buffer alone (C, D). The slides were then incubated
with goat anti-rabbit IgG (Fal") -FITC arstheepanti-
mouse IgG (Faly) -Texas Red. Bar =10 pm.

system, but maintain the integrity of centrosomes

We next determined whether €a /CaM (13ellswerelysed in0.5% NP-40and the
kinase Il observed igentrosomes bymmuno-  post-nuclear supernatant was fractionated in a
fluorescence could hidentified incentrosomes sucrose step gradient to isolate fractions enriched
purified fromFDCP1 cells. Centrosomes were in centrosomes. In ordeidéntify fractions
isolated from FDCP1 cells treated with containing centrosomes, aliquots of each fraction
nocodazole and cytochalasin B using low were subjected to immunoblotting with antibody
concentrations of each drug, which are sufficient to centrin, a pericentriolar protein found
to depolymerizethe microtubule-microfilament exclusively in centrosomes (10). These fractions
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were also immunobtted withe-tubulin antibody 5000-fold purification. The purification attained

to detecttubulin inthe centriolamicrotubules. is comparable to estimates made other
As shown in Figure 3, bottubulin at 58 kDa investigators (13, 19).
(panel A) and centrin at 20 kDa (panel B) are Immunobilot analysis of the gradient fractions

detected in fractions 4-8 corresponding to 50% containing blbtiin and centrin (Fig. 3, A and
sucrose. Fractions 10 and 11 contairgalyble B) with anti-C& /CaM kinase || antibody reveals
protein at thetop ofthe gradient have little  theandp/p' subunits at 52 kDa and 56 kDa,
detectable centrin, indicating that centrosomes are respecindibgtingthat c&* /CaMkinase |I
enriched inthe 50% sucrose region of theco-purifies with centrosome-containing fractions
gradient. Similar results were reportedsing  (Fig. 3, panelC). Interestingly, the centrosome
KE37 cells (13). When centrosomes were isolated fractions contain a greater propattiharof

in buffer containing 1 mMMEDTA (18), centrin ~ (/p' subunits (Fig. 3, panél). Furthermore,
was not detected imnactionsthat wouldcontain  immunodetection afhese subunits in centrosome
centrosomes (50% sucrose). Theity of the fractions corresponds to the antigetected by
centrosome preparation was assessed bynmunofluorescere. It is of interest to note that
immunofluorescence with anti-tubulin antibody, the centrosome fractionstdmntain the 80
which indicated that all the tubulin was associated kDa protein found in the Triton-soluble fraction
with  centrosomes (data not shown). of total cell lysates, making it unlikely that this is
Furthermore, the yield of total centrosome protein the antigen detected by immunofluorescence.
(2 pug, fractions 4-7) from 2 x 90 cells represents

0.02 % of total cell protein and corresponds to a

% sucroas T — G —
fractlom 1 2 3 4 & 8 7 B @ W N
66 =
i e Figure 3. Isolation of centrosomes froRDCP1cells by sucrose
density gradient fractionation. A post-nuclear supernatant from FDCP
43 = cells was fractionated in a sucrose step gradient as described in
"Methods". Aliquots (100 ng protein) of each fraction were analyzed
by SDS-PAGE in 12.5% gels and immunoblotted with @sttibulin
(1:1000 dilution, panel A), anti-centrin (1:2000 dilution, panel B), and
B 3T - s anti-C&* /CaM kinase II (1 pg/ml, panel C) antibodies
66 -
|:_' — T S N
i3 S

The centrosome preparation corresponding to CaM results in phosphorylation of several
fraction 6 thatcontains the peak of centrin and proteins, the most predominant having molecular
Cca&*/CaM kinase |I Immunoreactivity was massed©f52, 56, 80, and >200 kDa (lane 3).
assayedfor endogenous €a /CaMnase || The addition ahe CaM antagonist Which
enzymatic activity. Ashown in Figure 4, basal binds CaM (20), abolishes the phosphorylation of
phosphorylation without added €a orCaMis these profEine4). Theinclusion of 1 mM
two-fold lower (lane 1) than ithe presence of  each of EDTA and EGThich would reduce
C&* and CaM (lane 3). The addition ofa and 4Ca ] to submicromolar amvhiletdeaving
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~8.5 mM Mg2+ in the reactionabolished C&" and CaM was observed in centrosomes
endogenous phosphorylation (la2g. The isolated the absence of EDTA, suggesting that
proteins migrating at 52 and ¥®a most likely  sufficient CH s bound to centrosomes, perhaps
represent the andp/f' subunits, respectively, of  via CaM or centrin/caltractin, to activate the
Ca&*/CaM kinase thatare detected by kinase. Furthermore, the results presented in this
immunoblotting. study underscotbe importance of previous
studies localizingCaM in centrosomes and the
spindle apparatus (8).

The centrosome is a microtubule-organizing
center,which nucleates polymerization of3

Lo

i x 1 &
ELFTA - + < P
':ff_f‘ & = z 7 tubulin to form amicrotubular network that is
[SHe - - - - required for cell division, the maintenance of cell
s - " = - shape, and supportstracellular vesicle and
— r—— organelle transport (21). Microtubule-associated

- proteins such as MAP-2 atal are required for
microtubule assembly and are phosphorylated by
L > c&*/CaM kinase 11(22, 23). Our results
& u demonstrating the presence of primarily dhend
somep/B' subunits of C& /CaM kinase Il in the
Triton-insoluble fraction of FDCP1 cells is
consistent with previous studies in neuronal cells
describing the association of the enzyme with the
cytoskeleton (24). The finding that centrosomes
Figure 4. Protein kinase assay of gradient-purified centrosomes. contain primar”y the o isozymic form of
In "Methods". Code at top shows the composiion of ceattion. The  CaC* /CaM kinas@l, while cellscontain theB/f
concentrations of EDTA and EGTA were 1 mM each, and W7 was 250 mM.gbunits as weII, raises the possibility that a subset
The positions the andB/3' subunits of C&# /CaM kinase Il are indicated by . . .
the lines. The dried gel was exposed to film for 4 hours. of total intracellular: polypeptide igargeted to
the centrosome. Selective targeting of Ca /CaM
kinase Il polypeptides has been demonstrated for
DISCUSSION the & polypeptide, which acquires a nuclear
localization signal by alternativeplicing (25).

This study demonstrates that Cgftrosome%owever, there is at present a complete lack of
purified from FDCPIcells contain Ca" /CaM  jytqrmation on howintracellular proteins are

kinase Il. This observation is supported byithe targeted to the centrosome.

situ  immunofluorescence localization of The results presented here have important
+ . .
C&*/CaM kinase Il in centrosomes of FDCPLjppiications for  the role of centrosomal

cells. Our findings are thérst to demor_lstrate _.C&*/CaM kinase II. It is now generally accepted
that centrosome-associated?Ca /CaM kinase |I i$hat proteinphosphorylation is essential for the

. + . -

activated by C& and CaMesulting in the g cycle. Severaprotein kinasesincluding
autophosphorylation of the andf/f3' subunits as p349c2 (26)  cAMP-dependent protekinase
well as severabther unidentified centrosomal (27), and Cg““ /CaM kinase [R8) areactive
proteins. Thespecificity ofthe phosphorylation ,ing mitosis andare associated with the
was assessed usitige CaM antagonist W7 and ;qnyrosome and/or trepindleapparatus.  With
the C&"-specificchelator EGTA, both afihich respect to C& /CaMinasell, recentstudies
inhibited the - phosphorylation.Surprisingly, @  gggest thabnly a transient activation of the
basal level ofphosphorylation without added kinase is necessary for,G -M progress(aa).

a3

3 i —

23—
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The expression of a constitutively active?Ca
independent form othe enzyme inmammalian
cells resulted in cell cycle arrest ip G , suggesting
that G,-M progression is regulated by a
phosphorylation and dephosphorylation cycle.g
The mechanism by which this signalling pathway
affects centrosome function and/or replication is
presentlynot known. However, several studies ¢
haveshown thaepidermalgrowth factor (EGF)

is required for centrosome separation during the

cell cycle(29,30). Extracellular EGF is capable ;,

of activating an intracellular éh /CaM pathway
linking the extracellular milieu with the
centrosome replicativeycle and the cell cycle.
We are currentlystudying the activation of

Ca&*/CaM kinase Il in the centrosome by growth12-

factors and the cell cycle-dependent phos-
phorylation of C&/CaM kinase lisubstrates in

the centrosome. 13.
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