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Pericentriolar material structure and
dynamics

Jeffrey B. Woodruff, Oliver Wueseke and Anthony A. Hyman

Max Planck Institute of Molecular Cell Biology and Genetics, Pfotenhauerstrasse 108, Dresden 01307, Germany

A centrosome consists of two barrel-shaped centrioles embedded in a matrix

of proteins known as the pericentriolar material (PCM). The PCM serves as

a platform for protein complexes that regulate organelle trafficking, protein

degradation and spindle assembly. Perhaps most important for cell division,

the PCM concentrates tubulin and serves as the primary organizing centre

for microtubules in metazoan somatic cells. Thus, similar to other well-

described organelles, such as the nucleus and mitochondria, the cell has

compartmentalized a multitude of vital biochemical reactions in the PCM.

However, unlike these other organelles, the PCM is not membrane bound,

but rather a dynamic collection of protein complexes and nucleic acids that

constitute the organelle’s interior and determine its boundary. How is the com-

plex biochemical machinery necessary for the myriad centrosome functions

concentrated and maintained in the PCM? Recent advances in proteomics

and RNAi screening have unveiled most of the key PCM components and

hinted at their molecular interactions (table 1). Now we must understand

how the interactions between these molecules contribute to the mesoscale

organization and the assembly of the centrosome. Among outstanding

questions are the intrinsic mechanisms that determine PCM shape and size,

and how it functions as a biochemical reaction hub.
1. Pericentriolar material structure
Decades of research have pursued atomic-level resolution of the underlying peri-

centriolar material (PCM) structure with little avail. This is probably owing to

limitations in methodology, but also to the fact that the PCM does not behave

like most ordered proteinacious assemblies. In the earliest electron micrographs

depicting centrosomes in situ, the PCM appeared as a densely stained amorphous

mass that surrounded the highly structured centrioles [1]. Electron microscopy

(EM) micrographs of centrosomes isolated from mammalian cells did little to

resolve the amorphous mass any further, although these experiments definitively

showed that microtubules (MTs) originate from the PCM (figure 1) [2] and that

PCM integrity is sensitive to chelating divalent cations [9].

The resolution required to distinguish subdomains within the PCM would

not be achieved until the implementation of EM tomography. Using this

approach, in combination with immunolabelling, Moritz et al. [3] could discern

gamma-tubulin-containing ring structures 25–30 nm in diameter within PCM

from isolated Drosophila melanogaster centrosomes [3]. Higher resolution struc-

tures of immunoprecipitated Drosophila g-tubulin ring complexes (g-TuRCs)

confirmed the 25–30 nm diameter of these rings and showed that they cap

the minus ends of PCM-derived MTs [4]. Similar ring structures were observed

in centrosomes isolated from surf clam oocytes and, intriguingly, were stripped

away after exposure to potassium iodide, leaving behind an underlying

skeletonized lattice of 12–15 nm wide filaments [5]. Unlike the untreated cen-

trosomes, the salt-stripped centrosomes could not nucleate MTs. Interestingly,

the ring structures reappeared and MT nucleation could be restored if the

salt-stripped centrosomes were incubated in oocyte extract. Taken together,

the findings from these studies hinted that the PCM comprises a porous
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Figure 1. Structural organization of the PCM. (a) Negative stain electron micrograph of a centrosome isolated from Chinese hamster ovary cells. One hundred and
twenty-five MTs emanate from the densely staining centre. (Adapted from [2].) (b) Structure of a purified Drosophila centrosome as revealed by electron tomogra-
phy. A ninefold radially symmetric centriole can be seen at the centre surrounded by PCM. The inset shows a magnified view of a ring-like complex found within the
PCM. These complexes measured 25 – 30 nm in diameter and were determined to contain g-tubulin. (Adapted from [3].) (c) The g-TuRC was later isolated from
Drosophila cells and analysed by electron tomography. (Adapted from [4].) (d ) Harsh treatment of Spisula centrosomes with potassium iodide revealed 12 – 15 nm
wide filaments running throughout the PCM, leading to the hypothesis that a lattice-like network forms the structural foundation of the PCM. (Adapted from [5].)
(e) The development of subdiffraction microscopy techniques allowed high precision localization of proteins within the PCM. The first picture depicts the localization
of PCNT-like protein (D-PLP) in Drosophila cells determined with stochastic optical reconstruction microscopy (STORM). Comparison of the localization of numerous
proteins revealed that the interphase PCM contains ordered subdomains of defined size. However, the expansive PCM that exists during mitosis is less ordered.
Localization of PCNT and g-tubulin in human cells using three-dimensional SIM is shown. (Adapted from [6 – 8].)
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structural scaffold onto which g-tubulin and other soluble

components from the cytoplasm are loaded.

Concurrently, scientists sought to determine the identities

and biochemical properties of the proteins that construct the

PCM scaffold, or the so-called ‘centromatrix’. Researchers

took advantage of the curious fact that auto-immune sera

taken from scleroderma patients reacted widely with centro-

somes and, thus, could be used as a robust label for specific

centrosome proteins in western blot and immunofluorescence

assays [10]. Use of these sera revealed that the PCM is a

dynamic structure and led to the identification and biochemical

characterization of PCM proteins [11]. In this manner, one of the

first PCM components, pericentrin (PCNT), was identified,

cloned and its necessity for spindle organization described

[12]. The discovery of additional core PCM components such

as Cep192/SPD-2, CDK5RAP2/Cnn, Cep152/Asterless and

SPD-5 in various organisms revealed that the only major
similarity among PCM organizing proteins was an abundance

of coiled-coil domains [13–18]. The coiled-coil motif consists of

intertwined a-helices and is known to mediate protein–protein

interactions [19]. Thus, it was proposed that these numerous

coiled-coil domains could mediate robust inter-molecular inter-

actions to allow formation of the centromatrix [16,20]. Whether

these coiled-coil scaffold proteins per se are sufficient to assem-

ble the centromatrix, and whether their coiled-coil domains are

critical for this assembly process, has yet to be determined.

Analysis of purified centrosomes by mass spectrometry

and large-scale RNAi and localization screens in Caenorhabditis
elegans, Drosophila and human cells unveiled a diverse bounty

of centrosome proteins [17,21–25] (table 1). Owing to the diver-

sity and tight clustering of PCM proteins at centrosomes, it is of

little surprise that electron microscopy so far could not discern

structural information about the PCM. Labelling and observ-

ing individual components within the PCM promised to



Ta
bl

e
1.

Im
po

rta
nt

pr
ot

ein
s

fo
r

PC
M

as
se

m
bl

y
an

d
fu

nc
tio

n.
(K

ey
PC

M
pr

ot
ein

s
an

d
th

eir
ho

m
ol

og
ue

s
fro

m
hu

m
an

s,
fli

es
an

d
ne

m
at

od
es

ar
e

gr
ou

pe
d

ba
se

d
on

th
eir

ge
ne

ra
lr

ol
e

in
PC

M
bi

og
en

es
is

an
d

fu
nc

tio
n.

Sc
aff

ol
d

pr
ot

ein
s

ar
e

be
lie

ve
d

to
be

in
vo

lve
d

in
fo

rm
in

g
th

e
fo

un
da

tio
n

of
th

e
PC

M
.T

he
ef

fe
cto

r
pr

ot
ein

s
ar

e
m

or
e

pe
rip

he
ra

lf
ac

to
rs

in
vo

lve
d

in
M

T
or

ga
ni

za
tio

n.
SM

C_
pr

ok
_B

:c
hr

om
os

om
e

se
gr

eg
at

ion
pr

ot
ein

SM
C,

co
m

m
on

ba
cte

ria
lt

yp
e.

PA
CT

_c
oil

_c
oil

:
PC

NT
-A

KA
P-

45
0

do
m

ain
of

ce
nt

ro
so

m
al

ta
rg

et
in

g
pr

ot
ein

.)

Ho
m

o
sa

pi
en

s
D.

m
el

an
og

as
te

r
Ca

en
or

ha
bd

iti
s

el
eg

an
s

do
m

ai
ns

PC
M

-re
la

te
d

ph
en

ot
yp

es
re

fe
re

nc
e

sc
aff

ol
ds

Ce
p1

92
Sp

d-
2

SP
D-

2
co

ile
d

co
il,

po
lo

-b
ox

-b
in

di
ng

do
m

ain
ce

nt
rio

le
du

pl
ica

tio
n

de
fe

ct,
re

du
ce

d
PC

M
,P

LK
-1

ta
rg

et
in

g

to
ce

nt
ro

so
m

es
lo

st

[1
3,

26
–

28
]

Ce
p1

52
As

l(
As

te
rle

ss
)

co
ile

d
co

il,
SM

C_
pr

ok
_B

(P
FA

M
)

ce
nt

rio
le

du
pl

ica
tio

n
de

fe
ct,

re
du

ce
d

PC
M

[2
9,

14
]

CP
AP

SA
S-

4
SA

S-
4

co
ile

d
co

il,
tu

bu
lin

bi
nd

in
g

ce
nt

rio
le

du
pl

ica
tio

n
de

fe
ct,

re
du

ce
d

PC
M

[3
0,

31
]

PC
NT

D-
PL

P
co

ile
d

co
il,

ce
nt

ro
so

m
e-

ta
rg

et
in

g
(P

FA
M

)
re

du
ce

d
PC

M
[1

2,
32

–
34

]

CD
K5

RA
P2

Cn
n

(ce
nt

ro
so

m
in

)
co

ile
d

co
il,

M
T

as
so

cia
tio

n
(P

FA
M

)
re

du
ce

d
PC

M
,c

en
tri

ol
e-

PC
M

at
ta

ch
m

en
t

de
fe

ct
[1

5,
35

–
37

]

CG
-N

AP
/A

KA
P4

50
co

ile
d

co
il,

ca
lm

od
ul

in
-b

in
di

ng
do

m
ain

ce
nt

rio
le

du
pl

ica
tio

n
de

fe
ct

[3
8,

39
]

SP
D-

5
co

ile
d

co
il,

SM
C_

pr
ok

_B
(P

FA
M

)
re

du
ce

d
PC

M
[1

6]

kin
as

es
Pl

k1
(p

ol
o-

lik
e

kin
as

e
1)

Pl
k1

PL
K-

1
kin

as
e,

po
lo

-b
ox

re
du

ce
d

PC
M

,l
os

s
of

ph
os

ph
or

yla
tio

n
of

Cd
k5

Ra
p2

/C
NN

,

PC
NT

,a
nd

SP
D-

5

[4
0–

43
]

AU
RK

A
(A

ur
or

a
A

kin
as

e)
Au

ro
ra

A
AI

R-
1

kin
as

e
ce

nt
ro

so
m

e
se

pa
rat

ion
de

fe
ct,

lo
ss

of
ef

fe
cto

rr
ec

ru
itm

en
t

(g
-tu

bu
lin

,D
-T

AC
C,

M
SP

S)

[4
4–

46
]

ph
os

ph
at

as
es

PP
P2

ca
PP

2A
LE

T-
92

ph
os

ph
at

as
e

ce
nt

rio
le

du
pl

ica
tio

n
de

fe
ct,

lo
ss

of
M

T
sta

bi
lit

y
via

TP
X2

an
d

KL
P-

7,
ce

nt
ro

so
m

e–
nu

cle
id

et
ac

hm
en

t

[4
7,

48
]

PP
P2

r1
a

PP
2A

-B
SU

R-
6

re
gu

lat
or

y
su

bu
ni

to
fP

P2
A

ce
nt

rio
le

du
pl

ica
tio

n
de

fe
ct

[4
9]

RS
A-

1
re

gu
lat

or
y

su
bu

ni
to

fP
P2

A
lo

ss
of

M
T

sta
bi

lit
y

[4
7]

RS
A-

2
re

gu
lat

or
y

su
bu

ni
to

fP
P2

A
lo

ss
of

M
T

sta
bi

lit
y

[4
7]

PP
4c

PP
4

PP
H4

.1
ph

os
ph

at
as

e
ab

be
ra

nt
pe

ric
en

tri
n

fo
ci,

lo
ss

of
ef

fe
cto

rs
an

d
kin

as
es

(a
-

an
d
g

-tu
bu

lin
,P

LK
-1

,A
ur

or
a

A)

[5
0–

53
]

ef
fe

cto
rs

g
-tu

bu
lin

g
-tu

bu
lin

g
-tu

bu
lin

tu
bu

lin
im

pa
ire

d
sp

in
dl

e
as

se
m

bl
y,

im
pa

ire
d

M
T

nu
cle

at
ion

[3
,5

4–
57

]

TA
CC

2
D-

Ta
cc

TA
C-

1
co

ile
d

co
il

(TA
CC

do
m

ain
)

lo
ss

of
ef

fe
cto

rs
(Z

YG
-9

/Z
YG

-8
),

lo
ss

of
M

T
sta

bi
lit

y
[5

8–
61

]

CK
AP

5(
ch

TO
G)

M
sp

s
ZY

G-
9

M
T

bi
nd

in
g,

TO
G

do
m

ain
lo

ss
of

M
T

sta
bi

lit
y,

lo
ss

of
ce

nt
ro

so
m

e
in

te
gr

ity
[6

1–
64

] rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

369:20130459

3



rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

369:20130459

4
circumvent this problem, but the resolution limitations of con-

ventional light microscopy and immunogold-EM only allowed

the localization of the components without generating any

meaningful structural insights. However, recent advances in

light microscopy technology opened new possibilities for map-

ping PCM architecture. Four independent studies used

subdiffraction light microscopy techniques, such as three-

dimensional structured illumination (three-dimensional SIM)

and stochastic optical reconstruction microscopy (STORM) to

identify the substructures within the PCM [6–8,65]. The authors

developed antibodies to label distinct epitopes of different PCM

proteins and measured their distances from the outer centriole

wall. A key finding was that interphase PCM proteins are distrib-

uted in concentric toroids of discrete diameter around centrioles.

A subset of proteins, human CDK5RAP2, PCNT, CEP152 and

the Drosophila orthologues PCNT-like protein (D-PLP) and

Asterless, were shown to exhibit highly extended conformations

spanning approximately 100 nm from the centriole wall to the

outer toroidal domains of the interphase PCM. In stark contrast,

analysis of the same proteins during metaphase revealed no

ordered structures or discrete distributions. Interestingly, the

co-localization between labelled PCM protein pairs was mini-

mal, indicating that, despite the lack of apparent organization,

PCM proteins still occupy distinct domains in the metaphase

centrosome [7]. These findings argue that the PCM is first

assembled in interphase as an ordered, compact layer immedi-

ately surrounding the centrioles that then serves as a foundation

for the expansive formation of PCM towards metaphase.
2. Formation of the inner pericentriolar
material layer

How is the centriole-proximal ground layer laid? Mennella

et al. [6] reported that D-PLP is organized with quasi-ninefold

symmetry radiating outwards from the centrioles [6].

Furthermore, the outer boundary of the interphase PCM

layer approximately matches the length of either D-PLP in

fly embryos [6] or PCNT in human cells [7]. One interpret-

ation of these results is that D-PLP and PCNT serve as

molecular rulers to set the size of the inner PCM layer. Gopa-

lakrishnan et al. [31] presented data indicating that, in

centrosome-free Drosophila embryo extracts, D-PLP forms

complexes with SAS-4, Cnn and g-tubulin, all proteins dis-

covered to occupy concentric toroidal domains within the

interphase PCM [31]. These data suggest that the organization

and size of the interphase PCM is established through the

deposition of pre-assembled complexes of defined stoichi-

ometry and size. This proposed model is intriguing but

requires more rigorous biochemical assessment of reconsti-

tuted PCM proteins before becoming canonical. Studies in

C. elegans indicate that this model may not apply to all sys-

tems. In the one-cell embryo, SAS-4-containing centrioles

contributed by the sperm are sufficient to organize functional

centrosomes even if the maternal pool of SAS-4 has been depleted

by RNAi [30]. Thus, it is unlikely that SAS-4 organizes pre-

assembled cytoplasmic complexes essential for PCM assembly

in worms. Furthermore, mass spectrometry and fluorescence cor-

relation spectroscopy experiments suggest that the core PCM

components in C. elegans, SPD-2 and SPD-5, do not interact

with each other or with SAS-4 in the cytoplasm, but rather exist

as mainly monomeric entities prior to incorporation into the

PCM (O. Wueseke 2014, unpublished data). These results argue
that PCM assembly through the incorporation of large, pre-

assembled units is not a universal mechanism found in all centro-

some-containing eukaryotes.
3. Expansion of the pericentriolar material
in mitosis

How does the expansive outer PCM layer assemble around

the established inner PCM? Decades of cell biology and mol-

ecular genetics have indicated that this process of expansion

is driven, in part, by kinase-regulated incorporation of core

scaffolding proteins, MT-associated proteins (MAPs) and

MT nucleating complexes. For instance, inhibition of polo

kinase prevents accumulation of g-tubulin at centrosomes

and mitotic PCM expansion in humans, flies and worms

(figure 2) [23,40,41,67,68]. Furthermore, polo kinase has

been demonstrated to directly phosphorylate the core scaf-

fold proteins pericentein, Cnn and SPD-5, and mutation of

polo phosphorylation sites in these proteins precludes PCM

assembly ([23,69], J. Woodruff and O. Wueseke 2014, unpub-

lished data). Another important role is played by Aurora A

kinase, which is necessary for PCM maturation and function

by regulating the recruitment of MT-nucleating complexes

and MAPs. For example, inhibition of Aurora A prevents

recruitment of g-tubulin and ZYG-9 (chTOG/Msps) in

C. elegans embryos [44] and Msps and D-TACC in Drosophila
S2 cells [46]. However, Aurora A inhibition had little effect

on SPD-5 localization [16]. These data suggest that PLK-1

drives the assembly of the core structure of the mitotic

PCM scaffold, whereas Aurora A stimulates the addition of

downstream effector molecules like MAPs to the scaffold.

Interestingly, the requirement for kinase activity to drive

PCM expansion can be bypassed in certain non-physiological

situations. Overexpression of PCNT or CDK5RAP2 has been

shown to artificially promote PCM expansion in interphase-

arrested mammalian tissue culture cells. These hypertrophic

centrosomes recruit a small amount of g-tubulin and NEDD1,

indicating that they are similar, but not identical, to normal

mitotic centrosomes [7,70]. These results hint that the core

PCM proteins can self-assemble without external stimula-

tion by mitotic kinases like polo. Under physiological

conditions, the effective concentration of the core PCM pro-

teins may be too low to permit spontaneous self-assembly.

During mitosis, polo kinase phosphorylation of the core PCM

proteins could perhaps stimulate this assembly process. This

model is still speculative, but it is consistent with the availa-

ble data and would allow regulation of PCM assembly in a

cell-cycle-dependent fashion.
4. Pericentriolar material disassembly
If phosphorylation of key core scaffold proteins drives PCM

assembly and maturation, then it is reasonable to assume

that dephosphorylation of these targets contributes to PCM

dissolution. Indeed, in metaphase-arrested cells with mature

centrosomes, acute inhibition of polo kinase activity promotes

the removal of PCNT and g-tubulin from the centrosome in

human cells, indicating the existence of a constantly ongoing

dephosphorylation reaction [71]. This result suggests that the

cell drives the PCM towards assembly or dissolution by mod-

ulating the balance of phosphorylation and dephosphorylation
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activities inside the PCM. Although this hypothesis is tantaliz-

ing, a phosphatase that promotes PCM dissolution has yet to be

identified. So far, two major phosphatases have been reported

to localize to centrosomes and participate in the regulation of
PCM dynamics, namely protein phosphatase 4 (PPH4) and

protein phosphatase 2A (PP2A) [47,48,50–52,72]. PPH4

was reported to be required for centrosomal recruitment of

Aurora A and g-tubulin, indicating that it plays a role in
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centrosome maturation [50–52,72]. PP2A, on the other hand,

was found to act on centrosomal effector molecules like the

MT-destabilizing kinesin KLP-7 as well as TPX-2 to modulate

spindle size in C. elegans [47]. It will be important to determine

in the future whether PP2A, PPH4, or any other phosphatase

directly influences PCM dissolution, and or de-phosphorylates

PLK-1 substrates needed for PCM assembly.

Cortical forces may also tear apart PCM during mito-

tic exit. After anaphase completion in C. elegans embryos,

g-tubulin::GFP-labelled centrosomes not only become dimmer,

indicating the loss of PCM protein, but also rip apart in a corti-

cal-directed manner [66,73]. Elimination of MTs, the dynein

heavy chain dhc1, or MT attachment sites on the embryo

cortex prevent this dramatic rupturing of PCM [73], implicating

a MT motor-driven mechanism for PCM dissolution. Although

not essential for PCM disassembly, these MT-dependent corti-

cal forces accelerate the process. One potential explanation is

that the rupturing of PCM increases the surface to volume

ratio of the PCM, thereby expediting the dephosphorylation

reaction. A similar mechanism may also exist in flies. PCM frag-

ments often emerge and radiate away from centrosomes in

Drosophila embryos in a process termed ‘flaring’ [74]. Flaring

events were shown to be dependent on MTs and reach maximal

intensity during telophase and interphase, coordinate with

PCM disassembly. Taken together, these findings indicate that

the combination of PLK-1 inactivation, phosphatase activity

and MT-dependent forces ensure the rapid disassembly of

PCM during mitotic exit.
5. Factors regulating pericentriolar material
growth kinetics and final size

Like any intracellular organelle, the size of a centrosome is set

for any individual cell type. This is especially clear in early

C. elegans embryos, where the total amount of centrosome

material is constant. Altering the number of centrosomes in a

one-cell embryo will change the size of each individual centro-

some, but the sum of centrosome volume will remain the same.

For example, if a one-cell embryo contains four centrosomes

instead of two, then each centrosome will be half the expected

size [66,75]. What are the factors that determine PCM expan-

sion and its maximum size? Both centriole-dependent and

-independent mechanisms seem to be required.

One mechanism centres around the role of centrioles, as

centriolar proteins and overall centriole size were found to

affect PCM size. Proper centriole duplication is an essential

step towards PCM accumulation around centrioles [76]. In

C. elegans two-cell embryos, partial RNAi-depletion of SAS-4

inhibits centriolar duplication to varying degrees and reveals

that PCM size directly correlates with the amount of cen-

triole-localized SAS-4 [30]. This result suggests that centrioles

directly determine the incorporation rate of PCM components.

This idea is supported by photo-bleaching experiments in

Drosophila embryos which showed that Cnn incorporates exclu-

sively in the vicinity of centrioles and then migrates outward

towards the periphery to form the bulk of the mitotic PCM

[35]. Thus, localizing and binding to centrioles may be a

universal rate-limiting step for the incorporation of PCM com-

ponents. Such a mechanism is favourable in that it would also

ensure that PCM only forms around centrioles. As SAS-4 is

critical for PCM accumulation around centrioles, and that

Cnn, D-PLP, g-tubulin and other PCM proteins have been
identified in SAS-4-containing complexes in Drosophila [31],

SAS-4 could act as a centriolar tether and a key control point

for regulating PCM assembly.

There is also evidence that PCM proteins can assemble inde-

pendently of the centriole, suggesting that an additional process

regulates PCM growth kinetics. For example, overexpression of

either Cnn or an Asterless mutant that cannot bind Plk-4

induced the formation of ectopic, acentriolar MT organizing

centres in Drosophila [29,77]. Furthermore, in acentriolar

mouse oocytes, PCNT forms perinuclear assemblies that loca-

lize g-tubulin and orchestrate MT behaviour similar to mitotic

centriolar-nucleated PCM [78,79]. Whether or not other nuclea-

tion sites like the surface of the nucleus mimic the role of the

centriole in this case, or whether the process does not require

a nucleation site at all, remains to be seen. In total, these results

argue that PCM itself can stimulate the formation of additional

PCM. Such an autocatalytic mechanism would drastically

increase the overall incorporation rate of PCM and is probably

essential for the C. elegans embryo and other systems that

require robust PCM expansion over very short mitotic phases

(e.g. in the C. elegans one-cell embryo, the PCM enlarges

60-fold in approx. 8 min) [66]. Systems with smaller final centro-

some size or extended mitotic phases might not require such a

mechanism to accelerate PCM assembly.

Rates for most biological reactions are directly related to

the concentration of the starting material, indicating that

PCM growth could be set by concentration, and PCM size

set by total amount, of PCM proteins within the cytoplasm.

This is certainly the case in the C. elegans embryo, where cen-

trosome size decreases in direct proportion to the cytoplasmic

volume, and thus total available PCM components, during

development. Moreover, in this system, overexpression of

the limiting component SPD-2 increased the rate of PCM

growth and its maximum achievable size [66]. Likewise, in

Drosophila embryos, increasing the cytoplasmic concentration

of Cnn also increased PCM size and growth rate [35]. The fact

that recruitment of Cnn to the PCM depends on its inter-

action with SPD-2 argues that a SPD-2-centred mechanism

to regulate PCM growth and size is conserved throughout

evolution [35]. Exhaustion of a limiting component could per-

haps also explain the characteristic plateau in centrosome size

seen during mitosis in both C. elegans and Drosphila embryos

[35,66]. Recent experiments on spindle length in Xenopus
extracts encased in artificial cells suggest that spindle size is

also limited by the availability of certain components like

tubulin [80,81]. Thus, a limiting component mechanism

could be a general way of setting the size of intracellular

organelles in early embryos [75].
6. Outlook
(a) A unified model for pericentriolar material dynamics
The complexity and seemingly disorganized nature of the

PCM has made determining its underlying structure and

the mechanism of its assembly challenging. As investigations

become more sophisticated and more of the complex puzzle

is solved, common themes are emerging across the tree of

life (figure 3).

Assembly of PCM begins with the deposition of an ordered

layer approximately 100 nm thick that encases the centrioles. As

the cell cycle advances towards mitosis, polo kinase

phosphorylation transforms the cytosolic PCM proteins into
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assembly-competent building blocks, thus driving their depo-

sition around the already established inner PCM layer. SPD-5,

PCNT/D-PLP, Cnn/CDK5RAP2 and Asterless/Cep152 play

important scaffolding roles and are presumed to interconnect

to form a lattice-like network that establishes the structural

foundation of the PCM. Interestingly, based on comparing

amino acid sequences across phyla, C. elegans lacks PCNT,

Cnn and Asterless, proteins that are essential for PCM formation

in Drosophila and humans. Instead, PCM formation in C. elegans
depends on the expression of SPD-5, a 135 kDa coiled-coil

protein that is not expressed outside of nematodes. Considering

that PCNT, Cnn, Asterless and SPD-5 all contain numerous

coiled-coil domains, it may be that SPD-5 assumes the function

of these proteins in forming the comparatively simplified C. ele-
gans centrosome. Furthermore, like PCNT and Cnn, SPD-5 is a

key target of polo kinase and its phosphorylation is essential

for PCM expansion (J. Woodruff and O. Wueseke 2014, unpub-

lished data). In vitro comparison of the structures and

biochemical activities of purified PCNT, Cnn, Asterless and

SPD-5 will be essential before drawing any concrete connection

between them. Nevertheless, we can conclude that PCM expan-

sion is probably driven by the assembly of a few scaffolding

proteins. Polo kinase and SPD-2, both of which are conserved

proteins, regulate this process. In embryonic systems, the rates
and final sizes of centrosomes are determined by limiting

amounts of one or more of these proteins.

How PCM disassembles in a timely fashion at the end

of mitosis is less clear. Dephosphorylation probably plays a

major role in driving the PCM building blocks out of the

assembly-competent state and thus dissolving the centro-

matrix. Additional pathways, including MT-mediated cortical

forces could assist this process by rupturing the PCM, thus

making the building blocks more accessible to protein phos-

phatases. We also cannot discount the possibility of protein

degradation in controlling the levels of PCM protein, including

polo kinase. This topic of research has only just begun, making

it difficult to ascribe a specific mechanism to PCM disassembly

or even speculate on the conservation of this process.
(b) Microtubule nucleation in the twenty-first century
The historical role of the PCM has been to nucleate MTs

needed for spindle assembly, spindle positioning and intra-

cellular transport. So how does our understanding of PCM

structure and dynamics affect our view of MT-nucleation

within the PCM? The traditional view proposes that the

PCM serves as a binding platform for g-tubulin-containing

complexes that induce MT nucleation. Certainly, g-tubulin
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associates with PCNT and SAS-4, and elimination of g-tubulin

reduces MT mass extending from the centrosome [31,32,82].

So far, however, g-tubulin complexes are poor MT nuclea-

tors in vitro, and MT asters can still form in the absence of

g-tubulin in vivo, indicating that additional mechanisms

exist to nucleate MTs (reviewed in [83]). Tumour overex-

pressed gene (TOG) proteins such as chTOG/ZYG-9

localize to the PCM, bind MTs directly and increase MT

polymerization rates and nucleation in vitro, making them

attractive candidates to regulate MT nucleation within the cen-

trosome. Additionally, it has been shown that SAS-4/Cnn/

Asterless/D-PLP-containing (S-CAP) complexes bind to a/b

tubulin dimers [31]. Emerging evidence suggests that these

S-CAP complexes form the underlying PCM lattice, meaning

that the PCM has an abundance of a/b tubulin-binding sites.

Diffusion of a/b tubulin dimers into the PCM and subsequent

interaction with these binding sites could promote concen-

tration of tubulin far above cytoplasmic background levels

and thus favour spontaneous MT nucleation within the

PCM. Indeed, in vivo fluorescence correlation spectroscopy

and in silico models suggest that a similar mechanism regulates

steady-state concentration of PLK-1 within the PCM [71]. It is

possible, then, that the PCM network can concentrate tubulin

to the point where MTs spontaneously nucleate. In this

model, the role of g-tubulin could be to cap MTs to provide

stability and protect them from depolymerization at the

minus ends, while additional MAPs stabilize MTs and drive

polymerization of the plus ends.
(c) The pericentriolar material going forward
As seen for analysis of the PCM structure, novel techniques or

approaches play a tremendous role in advancing a field. Emer-

ging techniques such as selective chemical cross-linking (e.g.

BioID and S-CROSS) [84,85] and cryo-electron tomography

combined with focused-ion-beam milling [86] will certainly

yield high-resolution information about the structure and hier-

archy of PCM proteins in situ. But, the pressing mechanistic

questions regarding PCM dynamics and function also require

an experimental approach that permits precise control over

the molecular machinery therein. In vitro reconstitution of a

minimal PCM system would grant this kind of accessibility

and control. The open questions addressable by such a

system are numerous. What are the minimal requirements

needed to initiate PCM assembly? How does phosphorylation

affect the connectivity and activity of the major scaffold pro-

teins? How does the PCM concentrate a/b tubulin and drive

the nucleation of MTs in the absence of g-tubulin? Further-

more, structural analysis of PCM assembled from minimal

components in vitro could also yield atomic-scale resolution

of the ‘centromatrix’ and its constituent proteins.

The studyof PCM dynamics and structure will certainly clar-

ify how centrosomes serve as MT-organizing centres, trafficking

hubs and signalling platforms for the eukaryotic cell. Hopefully,

the lessons learned from centrosomes will also shed light

on the basic biophysical principles behind the formation of

self-assembling macromolecular complexes, including other

non-membrane-bound organelles.
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