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Abstract

The assembly of the bipolar mitotic spindle requires the careful orchestration of a

myriad of enzyme activities like protein posttranslational modifications. Among these,

phosphorylation has arisen as the principle mode for spatially and temporally activat-

ing the proteins involved in early mitotic spindle assembly processes. Here, we

review key kinases, phosphatases, and phosphorylation events that regulate critical

aspects of these processes. We highlight key phosphorylation substrates that are

important for ensuring the fidelity of centriole duplication, centrosome maturation,

and the establishment of the bipolar spindle. We also highlight techniques used to

understand kinase–substrate relationships and to study phosphorylation events. We

conclude with perspectives on the field of posttranslational modifications in early

mitotic spindle assembly.
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1 | INTRODUCTION

The faithful congression and segregation of chromosomes during

mitosis requires the assembly and regulation of a large and complex

microtubule-based structure called the mitotic spindle. Numerous pro-

teins with structural and signaling roles coordinate to assemble and

regulate the mitotic spindle (Prosser & Pelletier, 2017). Importantly,

these spindle components are often regulated by posttranslational

modifications such as phosphorylation and ubiquitylation that allow

for precise spatial and temporal control over their activity (Ong &

Torres, 2019). The preparations for mitotic spindle assembly initiate

during S phase where centrioles must duplicate and recruit and

assemble the appropriate factors to mature into centrosomes (Nigg &

Holland, 2018). The centrosomes then disjoin and move to opposite

ends of the cell where they will serve as the spindle poles for the

bipolar spindle. Subsequently, in early mitosis, the spindle poles nucle-

ate and form the microtubule spindle, which promotes kinetochore-

microtubule attachments and the alignment of the chromosomes at

the cell mid-plane for cell division (Prosser & Pelletier, 2017). The syn-

chronization and execution of these processes is highly regulated and

necessary for faithful cell division, and their dysregulation can lead to

chromosomal instability (Maniswami et al., 2018), apoptosis

(Steegmaier et al., 2007; Torres et al., 2011), and aneuploidy (Kang

et al., 2006; Tan, Caro, Potnis, Lanza, & Slawson, 2013; Yasui et al.,

2004). Understanding how centrosomes, microtubule-associated pro-

teins, and the mitotic spindle are regulated are important avenues

toward understanding diseases like aging (Fu et al., 2008; Macedo

et al., 2018) and cancer (Gordon, Resio, & Pellman, 2012).

Kinases are critical for regulating proteins that have essential

roles in early spindle assembly through their ability to transfer phos-

phate groups onto their substrates to modulate protein activity

(Arquint & Nigg, 2016; Johnson & Hunter, 2005; Joukov & De

Nicolo, 2018). In particular, phosphorylation regulates centriole dupli-

cation and procentriole elongation in S phase, centrosome maturation,

disjunction, and separation in G2 phase, and microtubule nucleation

and spindle assembly in late G2 and early M phase (Figure 1)

(Arquint & Nigg, 2016; Carmena, Wheelock, Funabiki, &

Earnshaw, 2012; Johmura et al., 2011; Mardin et al., 2010; Prosser &

Pelletier, 2017). Here, we review the activation and roles of the key

kinases Plk4, Plk1, Aurora A, Aurora B, and Cdk1, the key
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phosphatases PP1 and PP2A, and substrates of these enzymes as they

function to promote mitotic spindle assembly from S phase to early M

phase (Table 1). We discuss useful techniques for understanding the

kinase–substrate relationship and identifying and characterizing phos-

phorylation sites and conclude with perspectives on future avenues

into understanding the roles of phosphorylation and other posttrans-

lational modifications on spindle assembly.

2 | CENTRIOLE DUPLICATION AND
PROCENTRIOLE ELONGATION

The centrioles are rod-shaped microtubule-based structures that form

the core of the future centrosome (Nigg & Holland, 2018). Before S

phase, a cell has two centrioles connected by a protein linker (Bahe

et al., 2005). During S phase, an emerging procentriole will form at the

base of each centriole, eventually forming two centriole pairs (Ohta

et al., 2014). Each centriole pair will subsequently serve as one of the

two poles of the bipolar spindle (Mardin et al., 2011). Plk4 is a key reg-

ulator of centriole biogenesis (Nigg & Holland, 2018) and is recruited

to nascent centrioles through its binding to the centriolar proteins

Cep152 and Cep192 (Kim et al., 2013; Sonnen, Gabryjonczyk, Anselm,

Nigg, & Stierhof, 2013) (Figure 2). Although Plk4 phosphorylates

Cep152, which residue(s) it phosphorylates and the importance of this

modification is unknown (Hatch et al., 2010). At the centrioles, Plk4

binds STIL, a protein marker for the site of procentriole elongation,

activating Plk4 kinase activity via autophosphorylation of its T-loop

on Thr170 (Moyer et al., 2015). Once activated, Plk4 phosphorylates

STIL at Ser1108 and Ser1116 (Moyer et al., 2015; Moyer &

Holland, 2019). These modifications are required for maintaining STIL

localization at the centriole (Moyer et al., 2015) and for downstream

recruitment of Sas6 (Ohta et al., 2014), which forms the symmetric

core of the centriole. Plk4 also phosphorylates STIL at Ser428

(Dzhindzhev et al., 2017; Moyer & Holland, 2019), which promotes

the binding of STIL with CPAP, a protein involved in procentriole

elongation, and connects the growing microtubule cartwheel to the

centriole wall (Moyer & Holland, 2019). While Plk4 is necessary

upstream of Sas6, it remains unknown whether Plk4 modifies Sas6 in

mammals. In Caenorhabditis elegans, Zyg-1 (the ortholog of Plk4)

phosphorylates Sas6 at Ser123, to promote centriole formation

(Kitagawa et al., 2009). However, this residue is not conserved in the

human sequence of Sas6. Beyond its roles in centriole biogenesis,

Plk4 also has roles in recruiting the γ-tubulin ring complex (γ-TuRC), a

key protein involved in microtubule nucleation, to the centrosome.

GCP6 is a member of the γ-TuRC complex and a substrate of Plk4

(Bahtz et al., 2012). Plk4 phosphorylates GCP6 on at least 10 residues

throughout the sequence, and these modifications may be required

for centriole duplication (Bahtz et al., 2012).

Plk4 protein levels are precisely regulated by posttranslational

modifications (Rogers et al., 2009) and misregulation of Plk4 is associ-

ated with tumorigenesis (Maniswami et al., 2018). Overexpression of

Plk4 leads to centriole over-duplication, whereas loss of Plk4 leads to

a reduction in centriole number (Arquint & Nigg, 2016; Habedanck,

Stierhof, Wilkinson, & Nigg, 2005; Kleylein-Sohn et al., 2007). Both

overexpression and underexpression of Plk4 are characteristic of

numerous types of cancers. Plk4 autophosphorylates itself at Ser698,

Ser700, Thr704, and Thr707 to promote the formation of phase sepa-

rated condensates (Park et al., 2019). These condensates localize and

concentrate Plk4 and exclude its ubiquitin ligase, β-TrCP, promoting

Plk4's stability (Gouveia et al., 2019; Park et al., 2019). Moreover, Plk4

autophosphorylates itself in trans at Ser285 and Thr289 (Cunha-

Ferreira et al., 2013; Guderian, Westendorf, Uldschmid, & Nigg,

2010). Phosphorylation of these residues generates a phosphodegron

recognized by β-TrCP and promotes Plk4 degradation in S and G2

phases (Cunha-Ferreira et al., 2013; Guderian et al., 2010). In Drosoph-

ila melanogaster, Slimb (β-TrCP ortholog) binding to Plk4 at the centro-

some is antagonized by the phosphatase PP2A-Twins, as PP2A-Twins

dephosphorylates Plk4, presumably removing the phosphodegron and

promoting Plk4 stability (Brownlee et al., 2011). There is no obvious

mammalian ortholog of the Drosophila PP2A regulatory B subunit

Twins in mammalian systems. However, Cdc14B is a likely candidate

as a regulator of Plk4 activity, as it localizes to the centrosomes and

loss of Cdc14B activity leads to centriole amplification

(Wu et al., 2008). As Plk4 localization and concentration both drive

Plk4 kinase activity and degradation (autophosphorylation in trans

both increases kinase activity and recognition by β-TrCP), Plk4 levels

and activity are tightly regulated. For example, lysine acetylation on

Plk4 at Lys45 and Lys46 by acetyltransferases KAT2A and KAT2B are

thought to induce structural changes that inactivate Plk4's kinase

activity (Fournier et al., 2016).

3 | CENTROSOME MATURATION AND
EARLY SPINDLE POLE ASSEMBLY

To become competent for nucleating mitotic spindle microtubules,

centrosomes must undergo a maturation process where they accumu-

late pericentriolar material (PCM) and recruit the γ-TuRC. These two

factors nucleate new microtubules and recruit microtubule-associated

proteins for microtubule organization, growth, and stability. The

Aurora A kinase regulates many proteins with roles in centrosome

maturation, spindle pole assembly, and mitotic spindle integrity

Aurora B at 

centromeres 

weakens MT 

attachments 

Plk1 at 

kinetochores 

strengthens MT 

attachments 

Aurora A and Plk1 

promote centrosome 

maturation, separation, 

and MT nucleation 

S phase G2 M

Plk4 regulates 

centriole 

duplication and 

procentriole 

elongation 

F IGURE 1 Kinases regulate early mitotic spindle assembly. Key
kinases, including Plk4, Aurora A, Plk1, and Aurora B regulate aspects
of centriole duplication, centrosome maturation, and spindle assembly
throughout the cell cycle [Color figure can be viewed at
wileyonlinelibrary.com]
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ů
re
k

et
al
.,
2
0
0
8
)

C
dk

1
M
yp

t1
R
eg

ul
at
o
ry

un
it
o
f
P
P
1

P
ho

sp
ho

ry
la
ti
o
n
pr
o
m
o
te
s
M
yp

t1
lo
ca
liz
at
io
n
to

ki
ne

to
ch

o
re
s
an

d
bi
nd

in
g
to

P
lk
1
to

an
ta
go

n
iz
e
P
lk
1

ac
ti
vi
ty

(D
um

it
ru
,R

us
in
,C

la
rk
,K

et
te
nb

ac
h,

&

C
o
m
pt
o
n,

2
0
1
7
;Y

am
as
hi
ro

et
al
.,
2
0
0
8
)

P
lk
1

P
B
IP
1
(C
E
N
P
-U

)
C
en

tr
o
so
m
e-
as
so
ci
at
ed

pr
o
te
in

P
ho

sp
ho

ry
la
ti
o
n
pr
o
m
o
te
s
P
B
IP
1
-P
lk
1
bi
nd

in
g
an

d

lo
ca
liz
at
io
n
to

ki
ne

to
ch

o
re
s
(D

um
it
ru

et
al
.,
2
0
1
7
;

Y
am

as
hi
ro

et
al
.,
2
0
0
8
)

P
P
2
A
,P

P
1
,M

yp
t1
-P
P
1
(D

u
m
it
ru

et
al
.,
2
0
1
7
;Y

am
as
h
ir
o
et

al
.,
2
0
0
8
)

N
ud

C
D
yn

ei
n-
as
so
ci
at
ed

pr
o
te
in

P
ho

sp
ho

ry
la
ti
o
n
pr
o
m
o
te
s
N
ud

C
-P
lk
1
bi
nd

in
g
an

d

lo
ca
liz
at
io
n
to

ki
ne

to
ch

o
re
s
(N

is
hi
no

et
al
.,
2
0
0
6
)

B
ub

1
K
in
et
o
ch

o
re

pr
o
te
in

w
it
h
ro
le
s
in

pr
o
m
o
ti
ng

sp
in
dl
e
as
se
m
bl
y
ch

ec
kp

o
in
t

P
ho

sp
ho

ry
la
ti
o
n
an

d
bi
nd

in
g
by

P
lk
1
re
qu

ir
es

p
ri
m
in
g

ph
o
sp
ho

ry
la
ti
o
n
by

C
dk

1
;p

ho
sp
ho

ry
la
ti
o
n
p
ro
m
o
te
s

P
lk
1
lo
ca
liz
at
io
n
to

ki
ne

to
ch

o
re
s
an

d
po

ss
ib
ly
to

en
ha

nc
e
P
lk
1
ph

o
sp
ho

ry
la
ti
o
n
o
f
o
th
er

su
bs
tr
at
es

C
LA

SP
2

M
T
pl
us
-e
nd

tr
ac
ki
ng

pr
o
te
in

P
ho

sp
ho

ry
la
ti
o
n
an

d
bi
nd

in
g
by

P
lk
1
re
qu

ir
es

p
ri
m
in
g

ph
o
sp
ho

ry
la
ti
o
n
by

C
dk

1
;p

ho
sp
ho

ry
la
ti
o
n
p
ro
m
o
te
s

562 ONG ET AL.



(Brittle & Ohkura, 2005) (Figure 3). However, prior to doing so, Aurora

A must be activated, a process dependent on phosphorylation and

protein–protein interactions. First, Aurora A kinase activity is acti-

vated by phosphorylation of Thr288 on its T-loop (Littlepage

et al., 2002), a modification that may be carried out by another kinase,

such as PAK1 (Zhao, Lim, Ng, Lim, & Manser, 2005), or via

autophosphorylation (Zorba et al., 2014). Phosphorylation at Thr288

is opposed by phosphatases, such as PP6 (Zeng et al., 2010). Second,

Aurora A activity is further promoted by binding to branched microtu-

bule nucleator TPX2 (Bayliss, Sardon, Vernos, & Conti, 2003; Zorba

et al., 2014), a regulatory event that causes a conformational shift in

Aurora A toward an open conformation. Moreover, the binding of

TPX2 to Aurora A may protect Aurora A from dephosphorylation at

Thr288 (Bayliss et al., 2003) and ubiquitin-mediated degradation

(Giubettini et al., 2011). Similarly, Aurora A binding to TACC3, a

microtubule-associated protein that generally stabilizes microtubules

(Peset & Vernos, 2008), promotes activation of Aurora A kinase activ-

ity (Burgess et al., 2015). Additionally, Aurora A activity may also be

enhanced by incorporation into phase separated condensates via

binding to microtubule-associated protein BuGZ at the centromeres

(Huang et al., 2018) and by binding to Cep192 (Joukov et al., 2010).

Once activated, Aurora A phosphorylates TPX2 at Ser121 and

Ser125, promoting an interaction between TPX2 and CLASP1, a

microtubule stabilizing protein (Lawrence, Zanic, & Rice, 2020), and

consequently normal spindle length (Fu et al., 2015). Similarly, Aurora

A phosphorylates NDEL1, a microtubule-associated protein, on

Ser251 (Mori et al., 2007). This modification promotes NDEL1 locali-

zation to the centrosomes and may be required for ubiquitin-mediated

degradation of NDEL1 (Mori et al., 2007). Moreover, this modification

was not required for the binding of NDEL1 to TACC3 but nonetheless

may promote the localization of TACC3 and γ-tubulin to the centro-

some, suggesting that phosphorylation on Ser251 of NDEL1 serves to

recruit other proteins to the centrosome (Mori et al., 2007). Aurora A

phosphorylates Ser34, Ser552, and Ser558 on TACC3, a regulator of

microtubules and a component of the TACC3/XMAP215/clathrin

complex (Kinoshita et al., 2005). Phosphorylation of TACC3 on

Ser558 is not necessary for localization to the centrosomes or recruit-

ment of XMAP215 (also known as ch-TOG), a key microtubule nuclea-

tor and polymerase (Thawani, Kadzik, & Petry, 2018), to the

centrosomes (Barros et al., 2005). Rather, this phosphorylation event

promotes TACC3 binding to the minus ends of microtubules, stabilizes

astral microtubules (Barros et al., 2005) and promotes the binding of

TACC3 to clathrin (Burgess et al., 2018; Hood et al., 2013; Lin

et al., 2010). Phosphorylation at Ser552 and Ser558 of TACC3 by

Aurora A also promotes TACC3 localization to the centrosome,

mitotic spindle, and mitotic spindle assembly (Fu et al., 2010). Simi-

larly, TACC3 binding with Aurora A is necessary for TACC3 targeting

to the mitotic spindle (Burgess et al., 2015). Although TACC3 can bind

XMAP215 without Aurora A kinase activity (Thakur et al., 2014),

TACC3 binding to XMAP215 stimulates XMAP215 microtubule nucle-

ation activity (Kinoshita et al., 2005). Together, the TACC3/

XMAP215/clathrin complex localizes to the mitotic spindle and pro-

motes spindle stability (Hood et al., 2013; Lin et al., 2010).T
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Cep192 binds Aurora A and promotes Aurora A phosphorylation

at Thr288 (Joukov, Walter, & De Nicolo, 2014). Once activated,

Aurora A phosphorylates Plk1 at Thr210 (Joukov et al., 2014; Mac-

ůrek et al., 2008; Seki, Coppinger, Jang, Yates, & Fang, 2008). Plk1

binds to Cep192 via recognition of a phosphorylated Thr46 on

Cep192 in Xenopus laevis (Thr44 in humans), though whether this

modification comes from Plk1 or from another kinase is uncertain

(Joukov et al., 2014). Nevertheless, in Xenopus egg extracts, once

bound to Cep192, Plk1 phosphorylates Ser481, Ser507, Ser509,

Ser919, and Ser923 (amino acid numbering refers to X. laevis Cep192

sequence), promoting γ-TuRC recruitment and centrosome maturation

(Joukov et al., 2014). In human cells, Plk1 also binds Cep192 through

the conserved phospho-Thr44 (Meng et al., 2015). However, whether

Plk1 also modifies Cep192 for the purpose of γ-TuRC recruitment in

humans is unclear, as the phosphorylated serine residues in X. laevis

are not conserved in humans.

Besides Cep192, Plk1 phosphorylates the long isoform of PCNT,

a protein necessary for PCM expansion and centrosome maturation,

at Thr1209, Thr1221, Ser1235, and Ser1241 (Lee & Rhee, 2011).

While these modifications are not necessary for PCNT targeting to

the centrosome, they are required for subsequent microtubule nucle-

ation activity (Lee & Rhee, 2011). In particular, phosphorylation of

Ser1235 and Ser1241 promotes bipolar spindle formation and recruit-

ment of PCM proteins including Cep192, Aurora A, Nedd1, Plk1, and

γ-tubulin, proteins which are all involved in γ-TuRC recruitment and

microtubule nucleation (Lee & Rhee, 2011). Nedd1, the anchor for the

γ-TuRC complex in the centrosome, is first phosphorylated on Thr550

by Cdk1, allowing for the binding of Plk1 and subsequent phosphory-

lation by Plk1 on Thr382, Ser397, Ser426, and Ser637 (Zhang

et al., 2009). These modifications promote γ-TuRC recruitment to the

centrosome (Zhang et al., 2009). Moreover, Cdk1 also phosphorylates

Nedd1 on Ser460, which again promotes Plk1 binding to Nedd1

(Johmura et al., 2011). The Plk1-Nedd1 complex phosphorylates the

Hice1 subunit of Augmin, a noncentrosomal microtubule nucleator, at

17 unique sites (Johmura et al., 2011). These modifications drive Aug-

min binding to the microtubule spindle, microtubule nucleation, and

spindle stability (Johmura et al., 2011). Interestingly, Aurora A also

phosphorylates Hice1 at a number of residues in its N-terminal micro-

tubule binding region, including Thr17, Ser19, Ser20, and Ser20 (Tsai

et al., 2011). In contrast to Plk1 phosphorylation, which promotes

Hice1-microtubule binding, Aurora A phosphorylation of Hice1 weak-

ened the affinity of Hice1 for microtubules (Tsai et al., 2011). Plk1

phosphorylation of Kizuna, a centrosomal protein involved in centro-

some cohesion, on Thr379 does not affect localization to the centro-

somes, but does promote spindle bistability and centrosome cohesion

(Oshimori et al., 2006). This modification is antagonized by the phos-

phatase Cdc25B (Thomas et al., 2014).

Plk1 also activates a number of kinases that regulate processes in

centrosome maturation (Figure 4). Plk1 phosphorylates LRRK1, a

kinase involved in cytoskeletal regulation and endosome trafficking

(Hanafusa et al., 2019; Kedashiro et al., 2015), at Ser1790, then Cdk1
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F IGURE 2 Plk4 kinase activity regulates centriole duplication and
procentriole elongation. Plk4 binds to STIL, a marker of the site of
procentriole formation, and auto-phosphorylates itself in trans to
activate its kinase activity. Once activated, Plk4 phosphorylates STIL.
Sas6 binds to STIL and promotes procentriole elongation. Once
autophosphorylated, Plk4 binds to β-TrCP (substrate adaptor for SCF
ubiquitin ligase complex), promoting Plk4 degradation [Color figure
can be viewed at wileyonlinelibrary.com]
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phosphorylates LRRK1 at Thr1400 in the T-loop to activate LRRK1

kinase activity (Hanafusa et al., 2015). Loss of LRRK1 phosphorylation

at this residue results in spindle orientation defects and deficiencies in

the formation of astral microtubules (Hanafusa et al., 2015). Activated

LRRK1 phosphorylates Thr102 and Ser140 of CDK5RAP2 (Hanafusa

et al., 2015), a protein involved in maintaining centrosome cohesion

(Barrera et al., 2010). While these modifications do not affect the

recruitment of CDK5RAP2 or PCNT to centrosomes, they promote

CDK5RAP2 binding to γ-tubulin and subsequent microtubule nucle-

ation (Hanafusa et al., 2015). The NEK family of kinases regulate many

aspects of cell division and cell cycle progression (Moniz, Dutt,

Haider, & Stambolic, 2011). Cdk1 phosphorylates NEK9 on Ser869

(Bertran et al., 2011; Sdelci et al., 2012). This modification serves as a

priming phosphorylation that allows for subsequent Plk1 binding and

NEK9 activation via phosphorylation on Thr210 in the T-loop of

NEK9 (Bertran et al., 2011; Sdelci et al., 2012). Whether Plk1 is neces-

sary to activate NEK9 is uncertain, as phosphorylation of this residue

can also occur via autophosphorylation (Roig et al., 2005). Neverthe-

less, once activated, NEK9 phosphorylates Nedd1 on Ser337 to pro-

mote the recruitment of Nedd1 and subsequent recruitment of

γ-tubulin to the centrosome (Sdelci et al., 2012).

4 | CENTROSOME DISJUNCTION AND
SEPARATION

Plk1 activates a number of kinases that regulate the process of cen-

trosome disjunction (separation of mother and daughter centrioles)

(Figure 5) and centrosome separation (the separation of one centro-

some from another to establish a bipolar spindle) (Hinchcliffe &

Sluder, 2001; Wang, Jiang, & Zhang, 2014) (Figure 6). Downstream of

Plk1 is NEK2A, the longer isoform of NEK2 that plays a role in centro-

some disjunction (Hames & Fry, 2002). Centrosomal protein Cep85

binds to NEK2A to suppress NEK2A kinase activity (Chen

et al., 2019). Plk1 binds to the Cep85-NEK2A complex and subse-

quently phosphorylates Cep85 (Chen et al., 2019). Once phosphory-

lated, Cep85 has a lower binding affinity for NEK2A, freeing NEK2A

and promoting NEK2A kinase activity (Chen et al., 2019). NEK2A

activity is influenced by multiple autophosphorylation sites in its T-

loop, modifications which can either increase or decrease its kinase

F IGURE 4 Plk1 regulates centrosome maturation and microtubule organizing center (MTOC) activity. Once activated by Aurora A, Plk1
phosphorylates centrosomal proteins like Cep192, PCNT, and Nedd1. Cdk1 primes NEK9 for activation by Plk1, and NEK9 also phosphorylates
Nedd1. These and other centrosomal proteins play roles in centrosome maturation, pericentriolar material expansion, and γ-TuRC recruitment to
the centrosome, allowing the centrosome to serve as a MTOC [Color figure can be viewed at wileyonlinelibrary.com]
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activity (Rellos et al., 2007). Plk1 also phosphorylates an upstream

regulator of NEK2A, Mst2 (also known as STK3) (Mardin et al., 2011).

NEK2A activity is antagonized by phosphatases (Meraldi &

Nigg, 2001), including PP1γ. Conversely, NEK2A binds to and phos-

phorylates PP1γ at Thr307 and Thr318 to reduce its phosphatase

activity (Helps, Luo, Barker, & Cohen, 2000). NEK2A forms a complex

with PP1γ and Hippo-pathway kinase Mst2 (Mardin et al., 2010,

2011). Mst2 phosphorylates NEK2A at Ser356, Ser365, Thr406, and

Ser438 (Mardin et al., 2010). These modifications do not affect

NEK2A kinase activity but are necessary for NEK2A localization to

the centrosome (Mardin et al., 2010). To regulate NEK2A activity,

Plk1 phosphorylates Mst2 at Ser15, Ser18, and Ser316, disrupting the

binding of PP1γ to the NEK2A-PP1γ-Mst2 complex and promoting

NEK2A activity (Mardin et al., 2011).

During G2 phase, the two pairs of centrioles are linked by a net-

work of filaments that must be removed for centrosome disjunction

and separation (Paintrand, Moudjou, Delacroix, & Bornens, 1992).

While the composition of these filaments is not entirely known, a

number of candidate proteins have been identified, including C-Nap1

and Rootletin (Hinchcliffe & Sluder, 2001; Wang et al., 2014). When

activated, NEK2A phosphorylates 27 residues in the C-terminus of C-

Nap1, a protein that resides at the proximal end of centrioles and may

serve as the point of attachment for the protein linker network (Hardy

et al., 2014). These modifications weaken the affinity of C-Nap1 for

Cep135, presumably via electrostatic interactions, and promote the

release of C-Nap1 from the centrosome, freeing the pairs of centrioles

from each other and promoting centrosome disjunction (Hardy

et al., 2014) (Figure 5). Rootletin is a protein that forms fibers that

bridge the proximal ends of centrioles and binds to C-Nap1 and is sim-

ilarly phosphorylated by NEK2A at many sites to promote centrosome

disjunction (Bahe et al., 2005). A similar mechanism may apply for

NEK2A phosphorylation of protein fiber LRRC45 at Ser661

(He et al., 2013). β-catenin also forms a complex with Rootletin at the

centrosomes, is phosphorylated by NEK2A, and plays a role in

centrosome separation (Bahmanyar et al., 2008). Whereas C-Nap1

and Rootletin do not localize at the centrosomes during mitosis,

β-catenin is found at mitotic centrosomes, suggesting additional roles

for β-catenin in centrosome function (Bahmanyar et al., 2008).

Once centrosomes have been disjoined, they must separate to

opposite ends of the cell to form a bipolar spindle. Eg5 is a tetrameric

bipolar kinesin that acts on antiparallel microtubules to generate

forces that separate centrosomes and promote spindle bistability

(Kapitein et al., 2005; Shimamoto, Forth, & Kapoor, 2015) (Figure 6).

NEK9 is a downstream kinase of Plk1 that phosphorylates NEK6 at

Ser206 and NEK7 at Ser195 at the T-loop to activate NEK6/7

(Belham et al., 2003). NEK6/7 phosphorylate Eg5 at Ser1033, promot-

ing Eg5 binding to TPX2 (Eibes et al., 2018), inducing Eg5 localization

to the centrosome, and ultimately promoting centrosome separation

(Bertran et al., 2011; Rapley et al., 2008). Cdk1 also phosphorylates

Eg5 on Thr926 (Slangy et al., 1995), increasing the affinity of Eg5 for

microtubules (Cahu et al., 2008).The PP2A-B55α complex dephos-

phorylates this residue to regulate Eg5 activity (Liu et al., 2017). SRC

kinases phosphorylate Eg5 on Tyr125, Tyr211, and Tyr231 (Bickel

et al., 2017). These modifications decrease Eg5 motor activity (Bickel

et al., 2017). Of interest, Aurora A has been shown to phosphorylate

Eg5 in X. laevis, but the site of phosphorylation and the consequence

of this modification is unknown, and there are no reports of Aurora A

phosphorylating Eg5 in human cells (Giet et al., 1999).

5 | EARLY MITOTIC SPINDLE ASSEMBLY—
CENTROMERE

Critical to chromosome congression are kinetochore-microtubule

attachments. Centromeres are regions of DNA that recruit centro-

meric proteins (CENPs, such as CENP-A) and function to physically

link the chromosomes to the microtubule spindle via the kinetochore

(Fukagawa & Earnshaw, 2014). At the centromere, the chromosomal
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F IGURE 6 Kinases regulate Eg5 in centrosome separation and bipolar spindle formation. Once the centrosomes have disjoined, they need to
separate to opposite ends of the cell to form a bipolar spindle. NEK9 activates NEK6 and NEK7, which in turn phosphorylate Eg5, localizing it to
the centrosome and promoting centrosome separation and bipolar spindle formation. Other kinases also regulate Eg5 activity [Color figure can be
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passenger complex (CPC), consisting of Aurora B kinase, INCENP, Sur-

vivin, and Borealin, regulates many aspects of mitosis, including early

mitotic spindle assembly (Carmena et al., 2012). To localize the CPC at

the centromere, kinase Haspin phosphorylates histone H3 at Thr3,

leading to recruitment of the CPC to the centromere via Survivin

(Kelly et al., 2010). At the centromere, Aurora B kinase activity is acti-

vated by two main modifications: Aurora B phosphorylation of INCENP

at three consecutive residues (TSS 893–895) (Honda et al., 2003) and

Aurora B autophosphorylation in trans at Thr232 in the T-loop of its

kinase domain (Yasui et al., 2004) are thought to result in structural

changes that fully activate the kinase (Sessa et al., 2005).

Once activated, Aurora B phosphorylates a number of substrates

with the general purpose of destabilizing erroneous kinetochore-

microtubule attachments (Figure 7, bottom). The KMN network, a

protein structure composed of the KNL1 complex, the Mis12

(or MIND) complex, and the Ndc80 complex, is the core protein com-

plex that connects microtubules to the kinetochores (Cheeseman

et al., 2006). Centromeric Aurora B phosphorylates and regulates

many members of this complex in order to monitor proper spindle

assembly. Aurora B phosphorylates the N-terminus of Hec1, one of

the key members of the Ndc80 complex, at Ser5, Ser15, Thr49, Ser55,

Ser69, and possibly Ser44 (DeLuca et al., 2006). In microtubule bind-

ing assays with C. elegans proteins, these phosphorylation events led

to a weaker binding between Ndc80 and microtubules, suggesting

that Aurora B phosphorylation of Hec1 decreases the affinity of Hec1

for microtubules (Cheeseman et al., 2006). In a similar manner, Aurora

B also phosphorylates KNL1 at Ser25 and Ser60 and phosphorylates

Dsn1, a member of the Mis12 complex, at Ser28, Ser78, Ser109, and

possibly Ser100 (Welburn et al., 2010). Similar to phosphorylation of

Hec1, these phosphorylation events reduced the affinity of these

complexes for microtubules (Welburn et al., 2010). Thus, Aurora B

phosphorylation of the KMN complex serves to promote the disrup-

tion of kinetochore-microtubule attachments.

While the KMN complex is a crucial component of kinetochore-

microtubule attachments, other proteins also support kinetochore-

microtubule attachments. Notably, the Ska complex, comprising of

Ska1-3, directly binds Ndc80 (Zhang et al., 2017) and microtubules

(Welburn et al., 2009), adding an additional microtubule-binding

modality at the kinetochores. In a similar manner, Cdt1, a protein

canonically known for its roles in replication origin licensing in G1

phase, also binds Ndc80 (Varma et al., 2012) and microtubules

(Agarwal et al., 2018). In both cases, Ska 1/3 and Cdt1 are phosphory-

lated by Aurora B (Agarwal et al., 2018; Chan et al., 2012). Expression

of nonphosphorylatable mutants of Ska1/3 (Chan et al., 2012) or Cdt1

(Agarwal et al., 2018) both led to hyper-stability of kinetochore-

microtubule attachments, whereas expression of phosphomimetic

mutants led to a decrease in kinetochore-fiber microtubule stability.

In particular, phosphorylation of Ska1/3 decreases the Ska complex's

affinity for the KMN complex, indirectly causing weaker kinetochore-

microtubule attachments (Chan et al., 2012) whereas phosphorylation

of Cdt1 decreases its affinity for microtubules themselves (Agarwal

et al., 2018). For both proteins, loss of the correct phosphorylation

patterns led to increases in mitotic timing and the presence of mitotic

failures.

Interestingly, the loss of the Ska complex led to loss of Aurora B

kinase activity in cells assayed with an FRET reporter for Aurora B

activity, and the addition of Ska1 into in vitro Aurora B kinase assay

increased Aurora B kinase activity, suggesting that the Ska complex

also increases Aurora B activity (Redli, Gasic, Meraldi, Nigg, &

Santamaria, 2016). These experiments suggest a feedback loop

between the Ska complex and Aurora B whereby properly localized

Ska limits its own enrichment and microtubule-binding activity at the

kinetochore by maintaining high levels of active Aurora B, keeping

kinetochore-microtubule attachments in a dynamic state (Redli

et al., 2016).

MCAK is another important microtubule motor at the centromere

that serves to depolymerize microtubules (Maney, Hunter, Wag-

enbach, & Wordeman, 1998). Aurora B phosphorylates MCAK, at

Ser95, Ser109, Ser111, Ser115, and Ser192 (amino acid numbering

uses the short isoform of MCAK, UniProt identifier: Q99661-2)

(Andrews et al., 2004). Phosphorylation of MCAK inhibits its microtu-

bule depolymerization activity (Andrews et al., 2004). Further studies

in X. laevis demonstrated that phosphorylation of Ser196 (Ser192 in

humans) is responsible for the inhibition of microtubule depolymeriza-

tion activity (Lan et al., 2004), whereas other residues are responsible

for the localization of MCAK. Aurora B phosphorylation of X. laevis

Thr95 (Ser95 in human MCAK) and Ser196 (Ser192 in humans)

inhibits MCAK binding to centromeres, whereas Aurora B phosphory-

lation at X. laevis Ser110 (Ser111 in humans) promotes MCAK locali-

zation to centromeres (Zhang, Lan, Ems-McClung, Stukenberg, &

Walczak, 2007).
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6 | EARLY SPINDLE ASSEMBLY—
KINETOCHORE

Key to ensuring the timing and fidelity of chromosome movements are

kinetochore-microtubule attachments. Plk1 kinase activity is necessary

for mitotic spindle formation and kinetochore-microtubule attachments

(Lera et al., 2016; Liu, Davydenko, & Lampson, 2012) and is tightly reg-

ulated by modifications (Figure 7, top). Plk1 kinase activity is activated

via phosphorylation of its T-loop on Thr210 by Aurora A kinase

(Macůrek et al., 2008; Seki et al., 2008) and possibly by other kinases

(Paschal, Maciejowski, & Jallepalli, 2012). Methylation on Lys191 of

Plk1 by methyltransferases SET7/9 inhibits Plk1 kinase activity

(Yu et al., 2020). This modification presumably allows for fine-tuning of

Plk1 activity at the kinetochores, though a demethylase has not yet

been identified. Moreover, phosphorylation of Plk1 Thr210 is also regu-

lated by phosphatases. Cdk1/Cyclin A phosphorylates Mypt1, a binding

partner and localization subunit for phosphatase PP1 at Ser473

(Dumitru et al., 2017). Phosphorylation at Ser473 promotes Mypt1

localization to the kinetochores (Dumitru et al., 2017) and subsequent

binding to Plk1 (Dumitru et al., 2017; Yamashiro et al., 2008). Once

bound to Plk1, the Mypt-PP1 complex antagonizes Plk1 function by

dephosphorylating Thr210 (Dumitru et al., 2017).

Plk1 localization to the kinetochores is mediated by several protein

interactions. Plk1 phosphorylates kinetochore protein PBIP1 at a num-

ber of residues, and phosphorylation at Thr78 generates a consensus

polo-box domain-binding motif that is necessary for Plk1-PBIP1 binding

(Kang et al., 2006). This interaction is required for Plk1 targeting to the

kinetochores (Kang et al., 2006). Similarly, NudC, a dynein-associated

protein, is phosphorylated by Plk1 at Ser274 and Ser326, and, in the

absence of NudC, Plk1 localization at the kinetochores is weakened

(Nishino et al., 2006). Cdk1 phosphorylation of kinetochore protein

Bub1 at Thr609 also promotes Plk1 binding to Bub1 and localization of

Plk1 to the kinetochores (Qi, Tang, & Yu, 2006). Plk1 phosphorylates

Bub1, but which residues are phosphorylated and the consequence of

the modification are not fully understood (Qi et al., 2006). One possible

downstream application of Plk1-Bub1 binding may be to enhance Plk1

phosphorylation of Cdc20 at Ser92, a modification that inhibits the E3

ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) and

regulates mitotic progression (Jia, Li, & Yu, 2016). Another consequence

of Plk1-Bub1 binding may be that Bub1 serves as a scaffold for Plk1 to

phosphorylate other substrates, such as the Mps1 kinase (Ikeda &

Tanaka, 2017).

At the kinetochores, Plk1 phosphorylation activates a number of

microtubule-associated proteins with the purpose of promoting stable

kinetochore-microtubule attachments (Lera et al., 2016; Liu,

Davydenko, & Lampson, 2012). Cdk1 phosphorylates CLASP2 at

Ser1233, Ser1234, and Ser1250, with Ser1234 being the main modifi-

cation priming CLASP2 for recognition and subsequent phosphoryla-

tion by Plk1 at Ser12348, Ser1255, Ser1274, and Ser1313 (Maia

et al., 2012). These modifications are necessary for maintenance of

spindle bipolarity and proper kinetochore-microtubule attachments

(Maia et al., 2012). CENP-F is a large microtubule-associated protein

with roles in stabilizing kinetochore-microtubule attachments

(Auckland, Roscioli, Coker, & McAinsh, 2020). Plk1 phosphorylates

CENP-F on at least eight residues, and these phosphorylation marks

may be important for CENP-F localization at the kinetochores

(Santamaria et al., 2011).

Similarly, Plk1 phosphorylates Sgt1, a co-chaperone for heat-

shock proteins, at Ser331, and this phosphorylation is necessary for

Sgt1 localization at kinetochores and enhances subsequent localiza-

tion of the KMN microtubule-kinetochore complex (Liu, Song,

et al., 2012). In a similar manner, CLIP-170, a major component of the

microtubule plus end-binding proteins (Bieling et al., 2008), was phos-

phorylated by Plk1 at Ser195 and kinase CK2 at Ser1318

(Li et al., 2010). Phosphorylation at Ser195 does not affect CLIP-170

binding to microtubules but enhances the association of kinase CK2

with CLIP-170, CLIP-170 localization to the kinetochores, and the for-

mation of microtubule-kinetochore attachments (Li et al., 2010). After

Cdk1 primes kinetochore protein BubR1 by phosphorylating Thr620,

Plk1 phosphorylates BubR1 at Ser676 (Elowe, Hümmer, Uldschmid,

Li, & Nigg, 2007) and at Thr680 (Suijkerbuijk, Vleugel, Teixeira, &

Kops, 2012). Together with other phosphorylation marks by kinases

like Mps1 (Huang et al., 2008), these modifications recruit PP2A-B56α

which may balance Aurora B activity at the kinetochore (Suijkerbuijk

et al., 2012; Xu, Raetz, Kitagawa, Virshup, & Lee, 2013).

7 | PHOSPHATASES IN MITOTIC SPINDLE
ASSEMBLY

Phosphatases antagonize the activity of protein kinases. While they

play a role in suppressing kinase activity, the timely activation of pro-

tein phosphatases is also necessary to promote timely cell cycle pro-

gression and spindle assembly. Here, we focus on the two main

classes of phosphatases in mitotic spindle assembly: PP1 and PP2A.

The PP1 holoenzyme generally consists of the catalytic PP1 subunit

and one or more substrate-recognition and/or localization co-factors

(Bertolotti, 2018), whereas the PP2A holoenzyme generally consists

of a scaffolding A subunit, a catalytic C subunit, and a regulatory,

substrate-recognition B subunit (Sents, Ivanova, Lambrecht, Haesen, &

Janssens, 2013).

In mitosis, PP2A functions to promote proper kinetochore-

microtubule attachments at the kinetochores and centromeres. At the

kinetochores, PP2A-B56γ binds to Cdk1- and Plk1-phosphorylated

BubR1 (Kruse et al., 2013; Wang et al., 2016). Binding of PP2A to

BubR1 may be promoted by the presence of centromeric protein Sgo1

(Vallardi, Allan, Crozier, & Saurin, 2019). At the centromere, PP2A-

B56α localization is dependent on Sgo2, not on Sgo1 (Vallardi

et al., 2019). Interestingly, however, Sgo1 also binds the CPC via Bore-

alin, and a Borealin-Sgo1-PP2AC complex was reconstituted in vitro

from recombinant proteins (Bonner et al., 2020). Together, these data

suggest that Sgo1 may coordinate to allow PP2A-B56 to antagonize

CPC-based Aurora B activity at the centromere (Meppelink, Kabeche,

Vromans, Compton, & Lens, 2015; Vallardi et al., 2019) and inner kinet-

ochore (Suijkerbuijk et al., 2012; Xu et al., 2013). Altogether, PP2A reg-

ulates kinetochore-microtubule attachments, as loss of PP2A leads to a
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loss of stable k-fibers and chromosome attachment, regulating both

Aurora B and Plk1 activity (Foley, Maldonado, & Kapoor, 2011).

In contrast to PP2A, which has roles at both the centromere and

kinetochores, PP1 functions mainly at the kinetochores. PP1 binds

competitively to kinetochore protein KNL1 at the same location as

KNL1's microtubule-binding site, suggesting that KNL1 could either

bind microtubules or PP1 (Bajaj, Bollen, Peti, & Page, 2018). Once

bound to KNL1, PP1 dephosphorylates KNL1, causing dissociation of

spindle assembly checkpoint kinetochore proteins from KNL1, thus

silencing spindle assembly checkpoint signaling (Bajaj et al., 2018).

PP1 is also recruited to the kinetochores via binding to Ska1

(Sivakumar et al., 2016). At the kinetochores, both PP1 and PP2A

dephosphorylate and inactivate Msp1, a master kinase of spindle

assembly checkpoint signaling, shutting down the spindle assembly

checkpoint (Hayward et al., 2019; Moura et al., 2017). Thus, the

proper localization and accumulation of PP1 and PP2A at the kineto-

chores serve to antagonize Aurora B activity and quench spindle

assembly checkpoint signaling.

Besides regulating kinetochore-microtubule attachments, PP1

and PP2A also function to regulate spindle orientation and stability

during mitosis. NuMA is a microtubule-binding protein that anchors

the mitotic spindle to the cortex via the plasma membrane (Kotak,

Busso, Gonczy, & Gönczy, 2014). Cdk1 phosphorylates Thr2055 of

NuMA; this phosphorylation event inhibits NuMa localization at the

cortex, such that only NuMA not phosphorylated at this residue local-

izes to the cortex (Kotak et al., 2013). The proper extent of NuMA

localization at the cortex is regulated by PP2A-B55γ (Keshri

et al., 2020) and by PP1-Repo-Man (Lee et al., 2018). Expression of a

construct of NuMA that could not be phosphorylated on Thr2055

resulted in spindle oscillations (i.e., the mitotic spindle wobbled

unsteadily) (Kotak et al., 2013), and inhibition of either phosphatase

complex resulted in improper metaphase spindle positioning (Keshri

et al., 2020; Kotak et al., 2013). During anaphase, when Cdk1 activity

is low, these phosphatases promote increased NuMA localization to

the cortex, generating dynein-dependent forces that result in spindle

elongation and progression through anaphase (Keshri et al., 2020;

Kotak et al., 2013). At the spindle poles, NuMA also forms the END

(Emi1, NuMA, dynein-dynactin) network, a complex that localizes the

APC/C at the spindle poles and inhibits its activity, allowing for proper

Cdk1-mediated spindle assembly in early mitosis (Ban et al., 2007).

Loss of PP2A-B55α led to the mislocalization of the APC/C from the

spindle poles during mitotic spindle assembly, the formation of multi-

polar spindles, and failures in chromosome congression, suggesting

that PP2A antagonizes Cdk1-regulation of APC/C localization at the

spindle poles in early mitosis (Torres et al., 2010).

8 | TECHNIQUES IN IDENTIFYING AND
STUDYING PHOSPHORYLATION

Numerous methods of identifying and studying phosphorylation and

the relationship between kinase and substrate have been developed

(Johnson & Hunter, 2005; Xue & Tao, 2013). A traditional method for

characterizing a kinase–substrate pair has been an in vitro kinase

assay, where the isolated kinase and putative substrate are incubated

with radioactive γ-32P ATP and the transfer of the radioactive phos-

phoryl group onto the substrate is monitored by western blotting and

radiometry. If the substrate is phosphorylated, then the reaction is

repeated using nonradioactive ATP and the sites of phosphorylation

on the substrate are identified via mass spectrometry, as the addition

of a phosphate group leads to a detectable mass increase of �80 Da.

These types of approaches have been used to identify numerous Plk1

substrates including the StarD9 protein that is important for PCM

cohesion at the centrosome (Senese et al., 2015). Similar experiments

can be performed in cells either in the presence or absence of kinase

inhibitors or by overexpressing or knocking down/knocking out the

kinase of interest and assessing for differential phosphorylation on

potential substrates using immunoblotting (with a phospho-specific

antibody) or mass spectrometry-based approaches, which have also

been used to identify Plk1 substrates (Santamaria et al., 2011).

Other popular approaches include classical yeast two-hybrid

approaches or affinity proteomics approaches, which can also identify

potential kinase–substrate relationships (Johnson & Hunter, 2005;

Xue & Tao, 2013). Once a phosphorylation site has been mapped, a

common approach to study the effect of the modification is to mutate

the site(s) of phosphorylation to a nonphosphorylatable residue (usu-

ally Ser/Thr to Ala and Tyr to Phe) or a phosphomimetic residue (usu-

ally to Asp or Glu, though sometimes these phosphomimetic residues

do not recapitulate the phosphorylated state of the protein)

(Johnson & Hunter, 2005; Xue & Tao, 2013) and analyze the cellular

consequences of the modification.

In some cases, understanding what motif the kinase will phos-

phorylate is useful for identifying additional substrates of that kinase.

Computational approaches, such as ScanSite (Obenauer, Cantley, &

Yaffe, 2003) or PhosphoPredict (Song et al., 2017) have been devel-

oped that analyze phosphosites and their motifs and predict potential

substrates, such as the prediction and validation of SPICE1 as an

Aurora A and Aurora B substrate (Deretic, Kerr, & Welburn, 2019).

Phage display approaches or peptide-library based approaches have

also been used to define kinase phosphorylation motifs. In the case of

peptide-library based approaches, a microchip with a peptide library is

allowed to react with the kinase of interest, such as with the NEK

family of kinases (van de Kooij et al., 2019). Phosphorylated peptides

are identified and computationally analyzed to identify a consensus

phosphorylation motif. In the case of phage-based approaches, phages

are modified to display a library of peptides on their surface. The

kinase is allowed to react with the peptides, and phages that are phos-

phorylated are enriched, usually via binding to a phospho-antibody.

After sequential rounds of enrichment, the selected phages have their

DNA sequenced, and again the selected peptides are computationally

analyzed to identify a consensus phosphorylation motif. Such a tech-

nique was used to expand the phosphorylation motif for Plk1

(Santamaria et al., 2011).

While these classic approaches have been useful in understanding

kinase–substrate relationships, these techniques have difficulty

addressing important biological questions. First, in vitro kinase assays
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are low-throughput and biased, requiring a guess as to what a kinase's

substrate may be. Moreover, while numerous techniques have been

used to assay kinase activity in vitro, assessing kinase activity in cells

has been a challenge. Finally, chemical inhibitors are useful agents in

understanding a kinase's role, but chemical inhibitors lack spatial spec-

ificity that make it difficult to study a kinase with more than one local-

ization. Here, we highlight some innovative techniques used for

understanding kinase–substrate relationships and kinase activity in

cells. We focus on “bump-hole” technology for orthogonal identifica-

tion of kinase substrates, FRET sensors for in situ readouts of kinase

activity in cells, and strategies for localized inhibition of kinases for

targeted kinase inhibition. Strategies for studying phosphatases are

similar, including techniques in mass spectrometry and the use of

FRET- or fluorescence-based assays, and are reviewed elsewhere

(Fahs, Lujan, & Köhn, 2016).

8.1 | Bump-hole

While mass spectrometry can identify phosphorylation sites that

increase or decrease in abundance upon expression or inhibition of a

kinase, these modifications may come about from the activation or

inactivation of downstream kinases. For example, many Cdk1 phos-

phorylation events serve as priming modifications for later binding

and phosphorylation by Plk1 (Elowe et al., 2007; Maia et al., 2012; Qi

et al., 2006; Zhang et al., 2009). Thus, if mass spectrometry is per-

formed on cell lysates where Cdk1 is overexpressed, the identified

phosphorylation sites may not simply be Cdk1 sites but also Plk1 sites.

While in vitro kinase assays can confirm whether or not those sites

are due to Cdk1, such assays are time-consuming and/or expensive. A

high-throughput, unbiased, and more direct method of identifying

kinase substrates employs “bump-hole” technology (Figure 8a0). First,

an analogue of ATP is synthesized that is sterically larger than

unmodified ATP. This increased steric size creates a “bump” in ATP

that renders it unable to bind to unmodified kinases or ATPases

(Figure 8a0, Circle 1) (Liu, Shah, Yang, Witucki, & Shokat, 1998; Shah,

Liu, Deirmengian, & Shokat, 1997). The gamma phosphate of the

modified ATP analogue (i.e., the phosphate group that is transferred

to the substrate) is also modified to contain a thiophosphate group for

later detection (Blethrow, Glavy, Morgan, & Shokat, 2008; Hengeveld

et al., 2012). Mutation of a bulky “gatekeeper” residue in the ATP

binding pocket to an amino acid with a smaller side chain, such as gly-

cine or alanine, introduces a “hole” into the kinase of interest. This

“hole” allows the mutated kinase of interest, but not other kinases or

ATPases, to bind to the “bumpy” substrate (Figure 8a0 , Circle 2) (Liu

et al., 1998; Shah et al., 1997). Since the mutated kinase can bind the

analogue of ATP, these kinases are often referred to as “analog sensi-

tive” enzymes. Importantly, the “hole” also decreases the affinity of

the mutated enzyme for unmodified ATP, allowing the mutated

enzyme to bind to and use “bumpy” ATP with reasonable selectivity

for its enzymatic reactions (Figure 8a0 , Circle 3). Proteins modified by

the “bumpy” substrate can subsequently be isolated via enrichment

for the thiophosphate tag and analyzed via mass spectrometry,

allowing for high-throughput and unbiased identification of substrates

of a particular kinase (Figure 8a") (Blethrow et al., 2008; Hengeveld

et al., 2012). Such an approach has been used to identify substrates of

Aurora B (Hengeveld et al., 2012) and Cdk1 (Blethrow et al., 2008) via

mass spectrometry. One limitation of this approach is that due to poor

cell permeability of the ATP analogue, these experiments are usually

performed in cell extracts, not in whole cells. However, some cell-

permeable inhibitors have been identified, allowing for more physio-

logical labeling conditions (Bishop et al., 1998, 1999, 2000). Addition-

ally, further developments have allowed the generation of otherwise

cell-impermeable ATP analogues within cells (Hertz et al., 2013) and

for the use of ATP analogues in animal models (Cibrián Uhalte et al.,

2012; Soskis et al., 2012).

8.2 | FRET sensors

In vitro kinase assays are useful for assessing kinase activity. These

assays typically employ a means of measuring ATP hydrolysis over

time (e.g., with colorimetric assays) or of measuring phosphorylation

of the substrate over time (e.g., via intensity of the phosphoprotein

band by western blotting or via radiolabeled phosphate incorporation

on the substrate) (Johnson & Hunter, 2005; Xue & Tao, 2013). How-

ever, a read-out of kinase activity within living cells had been largely

intractable until the recent development of fluorescence resonance

energy transfer (FRET)-based sensors. From N-terminus to C-termi-

nus, an FRET construct for kinase activity consists of an FRET donor

(CFP), a phospho-amino acid binding domain, a linker peptide with a

phosphorylation motif for the kinase of interest, and an FRET accep-

tor (YFP) (Zhang, Ma, Taylor, & Tsien, 2001). When the kinase is inac-

tive, excitation of the FRET donor results in a low or no FRET signal,

as the FRET donor is usually not within the vicinity of the FRET

acceptor for an FRET signal to occur (Figure 8b, left). When the kinase

is active, however, it phosphorylates the phosphorylation motif within

the linker peptide. The phosphorylated residue binds to the phospho-

amino acid binding domain, bringing the FRET acceptor closer to the

FRET donor and increasing the FRET signal (Figure 8b, right).

Assessing the FRET signal over time and distance allows for an under-

standing of when and where a kinase is active in situ. Such a reporter

was used to determine the spatial and temporal activity of Aurora B

(Fuller et al., 2008).

8.3 | Localized inhibition

While small molecule inhibitors have been useful tools to elucidate

kinase function, they lack precise temporal or spatial precision. For

example, Plk1 is an enzyme with prominent roles at both the centro-

some and the kinetochores. If one has an interest in the role of

Plk1 at the centrosome, adding a Plk1 inhibitor will disturb Plk1 signal-

ing at both the centrosome and the kinetochores, causing unwanted

artifacts and complicating subsequent analysis (Figure 8c, left). Con-

versely, if one has an interest in the role of Plk1 at the kinetochore, a
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Plk1 inhibitor will disturb the function of Plk1 at the centrosome,

inhibiting downstream mitotic spindle assembly and potentially intro-

ducing artifacts into the analysis of the kinetochore. One recent tech-

nological advancement that provides for localized inhibition of kinases

employs the use of localized kinase inhibition (LoKI) (Bucko

et al., 2019). An LoKI construct consists of two self-labeling protein

SNAP-tags followed by a localization domain, such as the PACT

domain for centrosome localization (Bucko et al., 2019) (Figure 8c,

right; only one SNAP-tag is shown in Figure 8c for clarity). The inhibi-

tor of interest is chemically modified such that it is compatible with

the self-labeling protein tag (i.e., it will form a covalent bond with the

protein tag) while still retaining its abilities to inhibit the kinase of

interest. Adding the modified inhibitor to a cell expressing the LoKI

construct will localize the inhibitor to the region of interest, allowing

for acute and region-specific inhibition of a kinase (Figure 8c, right).

The original LoKI construct could be targeted to centrosomes, kineto-

chores, mitochondria, and the plasma membrane. In theory, LoKI can

be targeted to any cellular location, as long as an appropriate localiza-

tion signal is used. Similarly, while Plk1 and Aurora A inhibitors have

been used for this purpose, any kinase inhibitor can be used with the

LoKI system as long as the inhibitor can be chemically adapted to be

compatible with the self-labeling protein tag without the loss of

function.

While the original LoKI construct used two SNAP-tags, in theory,

other self-labeling protein tags, such as the HaloTag or CLIP-tag, could

be used as well (Gautier et al., 2008; Stagge, Mitronova, Belov, Wurm, &

Jakobs, 2013). These tags could be used in the same LoKI construct to

fine-tune control of enzyme activity for downstream analyses. For

example, a construct may consist of an LoKI construct with an SNAP-

tag and a HaloTag, used in conjunction with an SNAP-modified Plk1

inhibitor and a Halo-modified APC/C inhibitor. In this way, one LoKI

construct will contain two (or more, if multiple self-labeling protein

domains are used) inhibitors, allowing for localized and specific inhibi-

tion of two (or more) biological processes within one region.

Other localization-based kinase inhibition strategies have also

been developed. In one example, Lera et al. generated two alleles of

Plk1 within one cell (Lera et al., 2016). The first allele coded for an

analogue sensitive construct of Plk1 with mutations that rendered it

sensitive to the “bumpy” inhibitor 3-MB-PP1 but insensitive to the

Plk1 ATP-competitive inhibitor BI-2536. This allele retained the wild-

type localization of Plk1. The other allele coded for a construct of

(a’)

(a”)

(b)

(c)

F IGURE 8 Selected techniques in determining kinase function.
(a) Bump-hole technology. (a') A “bump” is chemically added to ATP
(brown) to make it sterically bulky (red) and unable to bind to a wild-
type kinase (left, purple) (Circle 1). A corresponding “hole” is made in
a modified kinase (right, blue) that allows it to bind to and use the
modified ATP analogue (Circle 2). The catalytic efficiency of the
modified kinase for unmodified ATP is usually weakened (Circle 3).
(a") The modified kinase selectively incorporates the ATP analogue
onto its substrates. These substrates are then enriched and identified
via mass spectrometry-based approaches. (b) Fluorescence resonance
energy transfer (FRET) sensors. When the kinase is inactive (left), the
FRET donor and acceptor are not within FRET distance and the FRET
signal is low. When the kinase is active (right), the kinase
phosphorylates a phosphosite (dark blue) in the linker sequence,
causing the linker sequence to bind to the phospho-binding domain
(dark brown),which brings the FRET donor and acceptor close to each
other, producing an FRET signal. (c) Localized kinase inhibition (LoKI).
A kinase inhibitor (purple triangle) has poor location specificity,
inhibiting its target kinase (red circular sector) at all locations and
prohibiting the study of the kinase at a specific location (left,
centrosome and kinetochores used as examples). In an LoKI construct
(right), the inhibitor is covalently bound via an SNAP-tag (brown) to a
protein targeting domain (orange; centrosome-targeting sequence

used as example). The LoKI construct promotes inhibition of the
kinase only at that domain (here, only at the centrosome and not at
the kinetochores) [Color figure can be viewed at
wileyonlinelibrary.com]

ONG ET AL. 571

http://wileyonlinelibrary.com


Plk1 that was wild-type in the ATP binding pocket but with varying C-

terminal localization domains that localized it to chromatin, the inner

centromere and outer kinetochore, or the inner kinetochore. The

localization-specific construct of Plk1 was sensitive to the inhibitor

BI-2536 but insensitive to the inhibitor 3-MB-PP1. Thus, by using dif-

ferent combinations of inhibitors and localization constructs, the

authors were able to selectively inhibit Plk1 at different cellular struc-

tures to understand the different functions of Plk1 at each structure.

For example, the authors found that Plk1 localized to the inner cen-

tromere and outer kinetochore, but not Plk1 localized to chromatin or

the inner kinetochore, was responsible for chromosome alignment in

metaphase. These experiments were performed under 3-MB-PP1

inhibition (suppressing the activity of the analog sensitive Plk1 with

wild-type localization) to allow for precise control of Plk1 localization.

Furthermore, the authors showed that the ability of Plk1 to localize to

the inner centromere and outer kinetochore to promote chromosome

alignment was due to Plk1 activity, as the phenotype was sensitive to

BI-2536 treatment.

9 | CONCLUSIONS AND PERSPECTIVES

Although this review has focused on the phosphoregulation of mitotic

spindle assembly, many other posttranslational modifications have

key roles in regulating various aspects of early mitotic spindle assem-

bly. The APC/C, for example, promotes mitotic progression by

ubiquitylating and degrading substrates throughout mitosis

(Pines, 2011; Primorac & Musacchio, 2013). Misregulation of the

APC/C can lead to defects in spindle assembly and in cyclin B distribu-

tion on the mitotic spindle (Torres et al., 2010). Moreover, tubulin

itself is heavily modified in mitosis. Besides phosphorylation, tubulin is

also modified via detyrosination, acetylation, and polyglutamylation

(Barisic & Maiato, 2016; Ferreira, Figueiredo, Orr, Lopes, &

Maiato, 2018; Janke & Magiera, 2020). In some cases, these modifica-

tions promote or direct motor localization or activity, but understand-

ing how these modifications “cross-talk” and how the ensemble of

these modifications gives rise to the complex dynamics of mitosis

remains an open question (Barisic & Maiato, 2016; Ferreira

et al., 2018; Janke & Magiera, 2020). Other modifications, such as the

addition and removal of O-linked N-acetylglucosamine (O-GlcNAc) to

serine or threonine residues of nuclear or cytoplasmic proteins is

essential for cell cycle progression. Misregulation of O-GlcNAc cycling

leads to defects in spindle size and shape (Slawson et al., 2005), in part

due to misregulation of Cdk1 and Aurora B (Tan et al., 2013). Most of

the identified O-GlcNAc sites in mitosis are in close proximity or lie

within known phosphorylation sites, causing altered phosphorylation

of proteins associated with the mitotic spindle (Wang et al., 2010).

Other modifications, including farnesylation (Moudgil et al., 2015) and

myristoylation (Timm, Titus, Bernd, & Barroso, 1999), promote the

localization of microtubule-associated proteins to the mitotic spindle.

Thus, while phosphorylation and ubiquitylation have been heavily

studied as regulators of the events leading to mitotic spindle assembly

(Ong & Torres, 2019), other posttranslational modifications have

received less attention, perhaps because of the difficulty of studying

these modifications in a high-throughput manner with mass spectrom-

etry (An, Froehlich, & Lebrilla, 2009; Tate, Kalesh, Lanyon-Hogg,

Storck, & Thinon, 2015). Nonetheless, improvements in computation

and analytical techniques have emerged to aid our understanding of

the role of these modifications in spindle assembly (Klamer, Hsueh,

Ayala-Talavera, & Haab, 2019). Altogether, understanding how the

myriad of modifications coordinate as a signaling network to give rise

to the dynamic process of mitotic spindle assembly will be a prime

future goal for the field of cell division.
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