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Abstract. The serine/threonine kinase glycogen synthase kinase-3 (GSK-3) was initially
identified as a key regulator of insulin-dependent glycogen synthesis. GSK-3 was
subsequently shown to function in a wide range of cellular processes including
differentiation, growth, motility and apoptosis. A number of mechanisms have been
shown to allow differential regulation of GSK-3; these include modulation by upstream
signals, control of substrate specificity and GSK-3 localisation. The aim of this project
was to better characterise the role of GSK-3 in the social amoeba Dictyostelium
discoideum and to investigate the possibility that GSK-3 activity is directed through
interactions with specific GSK-3 binding proteins.

In this study I generated both mammalian and Dictyostelium cell lines expressing GSK-3
homologues tagged with GFP. I demonstrated that the addition of this tag did not
obviously alter cellular localization or the ability of GSK-3 to interact with known
protein binding partners. I also confirmed that these fusion proteins retained kinase
activity and that the levels of GSK-3f over-expression used in this study were not
detrimental to cell viability.

I further characterized the role of GSK-3 in the social amoebae Dictyostelium, using both
knockout and over-expression cell lines to demonstrate that this protein fulfils multiple
roles during early development. Dark-field time-lapse microscopy techniques were
employed to identify a role for GSK-3 in co-ordinating chemotaxis and cellular
polarization. During the course of this project I also identified a requirement for GskA in
cytokinesis when cells were grown in shaking culture.

Finally, both the mammalian and Dictyostelium cell lines generated in this study were
used for affinity chromatography experiments and a number of potential GSK-3 binding

partners were identified.
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Chapter 1

Introduction




1.1 Introduction

The aim of this project was to better characterise the role of the serine/threonine kinase
Glycogen Synthase Kinase 3 (GSK-3) in the social amoeba Dictyostelium discoideum,
and to investigate the possibility that GSK-3 activity is directed through interactions with
specific protein binding proteins.
GSK-3 is a highly conserved kinase that functions in multiple signalling pathways
including Wnt and Hedgehog signal transduction, protein synthesis, glycogen
metabolism, mitosis and apoptosis. These many roles of GSK-3 cannot be separated
either temporally or spatially and GSK-3 is itself subject to stringent regulation via
several mechanisms:
* Splice variants of GSK-3 exhibit differential activity towards specific substrates
* GSK-3 isoforms perform tissue specific roles
* Direct phosphorylation of an N-terminal serine residue of GSK-3 (S9 of GSK-3p)
is associated with inhibition of kinase activity
* Direct phosphorylation of a tyrosine residue located within the catalytic domain
of GSK-3 (Y216 of GSK-3) is associated with an increase in kinase activity
* Differential localization of GSK-3 affects the ability of the kinase to target
specific substrates
* Interactions between GSK-3 and scaffolding proteins direct or inhibit the activity
of GSK-3 towards specific substrates

In this study I examined the role of GSK-3 in Dictyostelium, and investigated whether
this protein was subject to these same mechanisms of regulation. I also investigated
whether the activity of either mammalian GSK-38 or Dictyostelium GskA was directed

through previously uncharacterized protein binding interactions.



1.2 GSK-3 genes

GSK-3 was originally identified in mammals [6, 7], and homologues have been found in
all eukaryotes. These homologues share a significant degree of sequence homology;
species as distant as humans and Dictyostelium share over 8§0% similarity within their
kinase domains [12] (Figure 1.1). Protein function is also well conserved between GSK-3
proteins from distantly related species: mammalian GSK-3£ under the control of the
GAPDH promoter was able to rescue a temperature sensitivity defect in Saccharomyces
cerevisiae cells in which all four GSK-3 homologues have been deleted [13].

Two GSK-3 isoforms encoded by distinct genes have been identified in mammals:
GSK-3a (51 KDa) and GSK-38 (47 KDa). Both proteins are widely expressed, with
particularly high levels in the brain [16]. The o and P isoforms share over 98% identity
within their kinase domains but differ in their N-termini [22]. Despite a high degree of
similarity and functional overlap, these isoforms are not redundant in vivo; GSK-3f-null
mice reportedly die during embryogenesis (between E13.5 and E14.5) as a result of liver
degeneration caused by widespread hepatocyte apoptosis [23]. This phenotype is similar
to that observed in Rel-A- [26] and IkB kinase-2- [27] null mice and was thought to be
indicative of a role for GSK-3f in the NFxB signalling pathway. Recently, however,
GSK-3B-null mice were crossed to a different genetic background, and while the authors
reported that these mice died perinatally, they did not exhibit liver degeneration, instead
these mice exhibited defects in mid-line development [28]. In contrast, GSK-3a-null mice
were found to be viable but displayed altered glucose and insulin sensitivity [29].

GSK-3p can be differentially spliced; Mukai er al. [30] identified a variant containing a
13-amino acid insert within the kinase domain (GSK-382) (Figures 1.1 and 1.2) that was
preferentially expressed in the brain and had decreased activity towards the microtubule-
binding proteins Tau and MAP1B [30, 31]. The mechanism by which this insertion alters
the biochemical properties of the protein remains unclear. Very few Kkinases exhibit
differential splicing within their catalytic domain. Exceptions to this rule include JNK
[32] and MEKS [37]; splice variants of these proteins contain additional amino acids
between subdomains IX and X of their catalytic domains [39]. Alternatively spliced INK

[32] exhibits altered activity towards known substrates, while an insert within the same



v
©
o
o
@
o
£
w
z
¥
<
o
o
[e0] ot
W o
8 © +
g X
+ A
-4
wn w @
0w
£
S =
o I
@ _—
) ~
-2 o
° 2
]
o
o
N4
o
UNI O+ <
a2 _PoI<ng
— MO + 5
" O ®© _m 2
o T 3
- ®» Tt +
o3 * - .
— *
T HE © 8

B
/
B KG M

& &N &3 4!
$ B

$

(

B

GGGF

6 -

PELLELEEE L L L L T LRI (1113 AR

012

=3
88R888588
© © 00 © ©
AL ELCLCLCLCLL
333M333333
o0 " Homomoo
< -z <
) - 2]
N3
0w~ Oy +
3 £
<
v < Log ©
©® © © 65# M$
™ m [N
~ - o
\ ™
o o
[SHE) WB vo0
o " ~ .
Omo# o _mn° 0
o ]
oo o mgV
@ -
o m
LLL<L @
o —x
) ) o
o 2 5
¢ —
- « 'm -
- " ~ ~ ™M
ceweve oo
O]
~
a
O]
N3
- @ Vv
- S -
+
oo} H*
@ &
[©]

o 8
o B o
mo 8 N
o < AC )
6] o o
©
© © © &©
©o
(@) o v © GvN.
o ¢
oo, @y, o
© © O ©o
© © ©0 ©o
k=
© © (] PR
© ©0
000
O o CBC?
noo @ g
o ° ]
e a)
=
O,
[N o L
C5B o) S} "W
o oo =
© @ @ -
Oew ~ o
v o~ d
wn ©0 +
—. ©o ©
n 0 0

5 < <

s
~

© v

© -
B S
PR
@ Te

@ @
3 w
L

V 3!1-<149

Cé6

B5

C H C

135C Ay

AB
A
6

6

B

| 5C' A &
€' A &

3
3

o oF

BB 5C 3

BC 5B
B C

&

A

&
<

00

A
A

]

7

K(ID %

I FCN (

@
A6

[}

B
B

3

A D3M

6 C5/( 6 3 C

S

+

45671

(

m O
o ®° >

oo 3%@33
) : &
. ©=
v, v vY VL
% 6%666 [{e]le)
O iy oz 3B I3
033m333333
wwBon ey
S A

wo_o__Z
royrs}

N
N

oo Qo
o [X9)

[}

\
m

o

o
A AR
Q@O ®

1 Be
BCc <
& €<
8B 1<

o

™

3 3

@

< 6
3 $1Q(L]
8 e "
oo/

3

K
B

$

3 C
6

B
(

3
3
B

6
6
6
6
B
B

%

%

‘W$!$WNJLI%

1ZYy

23

$

BF H3

5
Q G3B

AL

%

$

)6

b oF

$
1Q

K (K

83

3

& X(

& $ B 6

$ C O 6

3

AD



1 031 ; E
T 831 ;
w s (e
3 +4 ((
! 031 ; K
0S+&
& + 3+ A
3 ZU !, BO3A
I+ *5%
1 031[B '3
1 031 v 66 5 6 &6)33$3|K
T 031 ; 5 6 (& 6 ' 3 $ 3 1
) & (& 5 (&:) "
3 +4 (( ntK Q KD
3 031 ; 5 ( &K 3 8 3FI "G
07# +: 8+&MD s6s5. & $ 3 .
111 3+ A B\( & ( 5 6) s
3 303 5 + $
30 , | S +
"6
11 031 ; &<t A 3 < & l&A
1 831W 6 6 ( A 13
T 031 ; 6 + + A a A6 < &NI 35
& ((J 6 < &166& | 6;
3 +4 44 > L 6& 6
! + 031 ; 6 6 & KB
+ 8 +& (6 < & 1 3/
& + 3+ A #3 6 < & K3
+ & 33 6D & )*
'8) #&' J%0 &W 6 < & !
1 031 ;
1 031 ; E
9 & 031;
W & ((J 3 B $ 3 4 &
34 ((
! 031 ;
$ 8 +&
& + 3+ A
3 ,3! , 3A
'+ #& J 0
1 031 ; !
1 831 ;
9 & 031;
) & (QJ # "5+ ;* 3 B 3
3
(+ 031 ; 8 + * 8 8
) 0 +& ( & B ;
& + 3+
o+ o+ , 3
. &'$JL@ AF 8%
1 831W
1 831 ;<3
T 3 031 ;
) & (@ F
3 +4 (
< =+ 031 ;
3) + 8 +&
& + 3+ A
Y 00
") <!< 3
3 7)
) 5
C,<2

1)

) « VK8
"2
6 & ] Q G5 6 + 3
B & 1
8 ! & + 5 [u 6 5& ( (
_(L+ 1 ] I
6 7 $ 5
"IP°PX® °LO2 o
) I e & & & + & (
QL* 8 1Q ]+ X & & 53 Akc €9< F
[RRR RN RN RN AN RN RN NN NN SN PNl
7% %d 1T AL 1
s A 10 Z | <6 ( (& (
.3 ( & ( 3 ( 3 3 LG 3 + (
K e ¢ C [z ()6  (
& + 5 & 3 3 K Q G )
& / 4
( & ( ( Q
6 & & 6 & + 6 3 +; 0
B 6 ' &
6 C &
L O S R I A O R O B O A A A A A
«
Q + o+
5 K K 3
9 + Q G 3
K L! F& ( '
< + I C \ 3
+ + I % &
+ !
3 3 3 QG (L+3QRL | 3 3 ¢ I o# )
CC+ G+ QA ( (( I
+$# ! )
.29 5<1- -0 9 )
I 5 ) 3@
10 8 !

AA

K

"53(



region of MEKS alters the intracellular localisation of the kinase [37]. The site of the 13-
amino acid insertion in GSK-3f lies between subdomains X and XI; GSK-3 is the only
known protein to exhibit splicing between these subdomains. This site is remote from the
substrate-binding groove, making it unlikely that it would directly interfere with substrate
access (Fig. 1.2). Instead, the insertion may promote or interfere with GSK-3-scaffold
interactions (discussed later) or indirectly alter substrate binding through induced
conformational changes.

A second splice variant of GSK-38 lacks exon 10 and is expressed most prominently in
the CNS [42]. Exon 10 of GSK-38 encodes a region outside the catalytic domain and is
poorly conserved between species and between a and f§ isoforms. The activity of this
variant remains to be characterised.

Recently, alternately spliced GSK-38 was reported to be associated with disease
progression. An intronic single nucleotide polymorphism (SNP) within the GSK-38 gene
was identified that regulated the selection of splice acceptor sites and was associated with
the expression of a splice variant of GSK-3 lacking exons 9 and 11. This SNP was found
to be present at a higher frequency in individuals suffering from Parkinsons disease
compared to non-diseased individuals and expression of this splice variant was found to
correlate with increased phosphorylation of Tau, a substrate for GSK-3 [44]. Examination
of the crystal structure of GSK-3f revealed that loss of exon 9 only resulted in a minor
change in the proteins structure and one could speculate that the resultant protein would
be catalytically active. The amino acids encoded by exon 11 do not form part of the
crystal structure of GSK-3 and it is unclear what affect loss of these residues would have.

Another splice variant of GSK-3flacking exons 8 and 9 was isolated from blast crisis
chronic myeloid leukemia progenitor cells exhibiting increased B-catenin levels [45].
GSK-3 regulates P-catenin levels as a component of the WNT signalling pathway
(discussed later) and this splice variant was reported to exhibit decreased activity within
this pathway [45]. The validity of these findings requires further investigation. However,
examination of the crystal structure of GSK-3f revealed that loss of the amino acids
encoded by exons 8 and 9 would result in a substantial modification in protein structure.
It may be that this splice variant exhibits an inability to phosphorylate and regulate p-

catenin levels because the protein is non-functional.



1.3 GSK-3 substrates

GSK-3 demonstrates a preference for pre-phosphorylated (primed) substrates,
recognizing the consensus sequence S/T-X-X-X-Phospho-S/T, where the first S/T residue
is the target for GSK-3 phosphorylation, ‘X’ represents any amino acid and the S/T C-
terminal to the GSK-3 target residue has undergone priming phosphorylation [48]. The
relative activity of GSK-3 towards individual substrates differs considerably. However,
the requirement for priming of substrates is observed across a range of substrates.
Priming decreases the K,, of the substrate: for example, prior phosphorylation of the
GSK-3 substrate $-catenin by casein kinase 1 at S45 decreased the K,,, 30-fold [49].

The crystal structure of GSK-3p has been elucidated [41, 50, 51] and provided insight
into the mechanism by which phospho-primed substrates are recognised. The residues
R96, R180 and K205 were found to be located within close proximity of each other on
the surface of the protein and create a region of positive charge (Figure 1.2). This region
was proposed to interact with the primed phospho-S/T residue and to align the substrate
within the substrate-binding groove such that the kinase activation loop and catalytic
residues are optimally orientated [50]. Consistent with this proposal, mutation of
substrate-priming sites dramatically reduced GSK-3 phosphorylation [54, 55], while a
corresponding mutation in GSK-3f that substituted the positive charge of R96 for an
alanine residue dramatically reduced the ability of the protein to phosphorylate its primed
targets [55, 56]. The importance of priming phosphorylation for GSK-3 function is
supported by the observation that the key residues (R96, R180 and K205) are found in all
GSK-3 homologues examined (Figure 1.1).

Specific substrates are primed for GSK-3 phosphorylation by different priming kinases,
whose activity can be regulated in a pathway-specific manner. Consequently, the affinity
of GSK-3 towards specific substrates can be controlled by the availability and activity of

the priming kinase for a given substrate. For example, the collapsin response mediator
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proteins CRMP2 and CRMP4 were both identified as substrates for GSK-3. CRMP2 was
found to be primed by CdkS5 alone, whereas either Cdk5 or DYRK?2 were able to prime
CRMP4 [57]. Inhibition of both Cdk5 and DYRK2 prevented phosphorylation of both
CRMP isoforms, whereas only CRMP2 phosphorylation was affected in Cdk5™ "~ cells
[57], indicating that GSK-3 phosphorylation of these isoforms can be differentially
regulated in response to cellular cues.

A number of proteins have been presented as un-primed substrates for GSK-3 [58-60].
However, stoichiometric phosphorylation of an un-primed substrate has only been
demonstrated for the microtubule-binding protein Tau [62]: recombinant Tau, expressed
and purified from FE.coli, is stoichiometrically phosphorylated at S396 by GSK-3f. Sub-
stoichiometric phosphorylation at S46, T50, S202, T205 and S404 was also reported [62].
In the absence of phospho-substrate contacts with R96, R180 and K205, the interactions
required to facilitate Tau phosphorylation must be provided through alternative means.
As Tau is itself a large protein (ranging from 50—67 kDa in weight), it is conceivable that
Tau and GSK-3 may interact within regions outside the immediate substrate
binding/phosphate-recognition domain and that these interactions promote the

phosphorylation of S396.
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1.4 Inhibitory phosphorylation of GSK-3

The kinase activity of GSK-3 was found to be inhibited through phosphorylation of a
serine residue located at the N-terminus of the protein (S21 and S9 of GSK-3a and
GSK-3B, respectively) [63, 64]. Dajani et al. [50] demonstrated that a phospho-peptide
based on the N-terminus of GSK-3f could act as a competitive inhibitor towards primed
GSK-3 substrates. This led to the suggestion that the phosphorylated N-terminus of
GSK-3 auto-inhibits its activity by looping back into its own active site. The proposal
being that the phospho-serine interacted with the region of positiv.e charge generated by
R96, R180 and K205 (residues refer to GSK-3p), mimicking the primed residue of a
GSK-3 substrate (Figure 1.2). Consistent with this mechanism of inhibition, substitution
of R96 for an alanine residue abolished the ability of the phosphorylated N-terminal
peptide to inhibit GSK-38 activity [56].

A number of kinases have been reported to phosphorylate S21/9 of GSK-3a and GSK-3p3
in the context of specific signalling pathways: PKB targeted GSK-3 in response to insulin
signalling [65], PKA targeted GSK-3 in response to increases in cAMP levels [66],
p90*X/MAPKAP kinase-1 phosphorylated GSK-3 following activation by EGF or PDGF
[64, 67] and p70 ribosomal S6 kinase (p70°*) phosphorylated GSK-3 in response to
stimulation by insulin and other growth factors [63]. Phospho-S21/9 autoinhibition was
also suggested to be involved in the regulation of GSK-3 activity during Wnt signalling
[68, 69] and in the control of microtubule stability [70, 71] (see later for detailed
discussions of these functions). It was therefore surprising that homozygous knock-in
mice in which both S21 and S9 of GSK-3a and GSK-3p were replaced with alanine
residues were viable and healthy [72]. Glycogen metabolism was partially disrupted in
these mice (discussed below). However, McManus et al. [72] reported no other obvious
phenotypes and specifically demonstrated that Wnt signalling was not affected.
Analogous studies in Drosophila showed that the equivalent S9A pseudosubstrate
mutation did not interfere with insulin/PI3K-dependent growth regulation, although a
S9E mutation showed signs of mild Wnt pathway deregulation [73]. It is therefore
tempting to speculate that, despite the literature to the contrary and with the exception of

glycogen metabolism, S21/9 phosphorylation does not represent a primary mechanism by
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which GSK-3 activity is regulated. Instead, serine phosphorylation of GSK-3 may
represent a means of subtly altering GSK-3 activity within specific signalling pathways.
The observation that S9 of GSK-3Bis only conserved in metazoans (excluding
Caenorhabditis elegans) further supports the idea that this is a recent adaptation and

perhaps a less essential mechanism of GSK-3 regulation.

1.5 Activating phosphorylation of GSK-3

GSK-3 is a member of the CMGC family of protein kinases. This group consists of
cyclin-dependent kinases (CDKs), mitogen-activated protein kinases (MAPKs), glycogen
synthase kinases (GSKs) and CDK-like kinases (CLKs) [39. 74]. The kinase activity of
several CMGC family members, including MAPK?2 (also known as ERK?2), is dependent
upon the phosphorylation of tyrosine (Y185 in MAPK?2) and threonine (T183 in MAPK2)
residues located within the activation loop of the protein [75]. Phosphorylation of
MAPK2 by MEK was reportedly required to bring the activation loop into an active
conformation for substrate binding and resulted in a 100- to 500-fold increase in activity
[75]. Hughes et al. [76] investigated the possibility that GSK-3f activity was regulated in
a similar fashion; Y216 was identified as being phosphorylated in vivo, and
phosphorylation of this residue was later shown to be associated with a 5-fold increase in
Keat [50, 76]. In place of the phospho-T183 located in the activation loop of MAPK2,
GSK-3p has a valine residue (V214). However, structural comparisons suggest that the
primed phosphate of GSK-38’s substrate would occupy a 3-dimensional location
equivalent to the phosphate of MAPK2’s T183 suggesting that the primed substrate of
GSK-3 may functionally substitute for the activating changes induced by MEK
phosphorylation of T183 in MAPK2. The conformational change associated with Y216
phosphorylation in GSK-3f is minimal, and the un-phosphorylated protein is active [50].

The uhderlying mechanisms responsible for regulating tyrosine phosphorylation of
GSK-3 remain controversial. Recombinant GSK-3f expressed and purified from E. coli
was found to be phosphorylated on Y216 and underwent further phosphorylation upon
incubation with Mg®*ATP [62, 76, 77]. However, this phosphorylation was not shown to
be stoichiometric. Lochhead et al. [78] recently proposed that GSK-3

autophosphorylation represents a transient capacity, specific to a partially folded state, for
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GSK-3 to target its own tyrosine residues. However, it remains unclear whether GSK-3
autophosphorylation is an intramolecular rather than intermolecular event.

Mammalian GSK-3 was also reportedly phosphorylated by distinct tyrosine kinases in
trans. For example, in neuronal cells, the tyrosine kinase Pyk2 phosphorylated GSK-3§
following stimulation with lysophosphatidic acid (LPA) [79] although the physiological
phosphatase(s) that dephosphorylate tyrosine residues within GSK-3 remain to be
identified.

In Dictyostelium, a role for GSK-3 tyrosine phosphorylation has been defined in the
regulation of cell differentiation and patterning during development (discussed in detail
later). In the absence of an abundant food source, Dictyostelium aggregate, using cCAMP
as a chemoattractant. The 7-transmembrane receptor cAR3 [80] responded to increased
cAMP levels by activating the tyrosine kinase ZAK-1. ZAK-1, in turn, phosphorylates
GskA (GSK-3) on Y214 (analogous to Y216 of GSK-3B) as well as Y220 [81, 82].
Mutation of either Y214 or Y220 of GskA reduced kinase activity [81]. The Y220
residue that was phosphorylated by ZAK-1 is conserved in mammalian GSK-3§ (Y222)
but was not found to be phosphorylated in preparations from insect cells that were

catalytically active and contained phospho-Y216 [50].
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1.6 Regulation of glycogen synthesis

GSK-3 was originally identified for its role as a negative regulator of glycogen synthesis
[6] (for a review see [83]). In the absence of insulin, the metabolic enzyme glycogen
synthase (GS) was found to be phosphorylated by casein kinase II (CK2) at S657 [84].
This primed GS for sequential phosphorylation at S653, S649, S645 and S641 by GSK-3
and inhibited GS activity [7, 48]. Increases in blood glucose lead to the release of insulin,
which in turn initiates a signalling cascade involving the insulin receptor (IR), the insulin
receptor substrate (IRS) and the activation of both phosphoinositide 3 kinase (PI3K) and
protein kinase B (PKB) [85]. Active PKB was found to inhibit GSK-3 by
phosphorylating S21 and S9 of the GSK-3a and GSK-3p isoforms, respectively [65].
Inhibition of GSK-3 leads to the accumulation of active GS and the subsequent assembly
of UDP-glucose into glycogen.

Recently, evidence has emerged that GSK-3a and GSK-3f perform tissue specific roles
in the regulation of this pathway. Both GSK-3a and GSK-38 were expressed and
phosphorylated by PKB in response to insulin signalling in both hepatic and skeletal
muscle tissue [29, 86]. However, GSK-3a was found to principally regulate GS activity
within hepatic cells [29] while GSK3 was primarily responsible for the regulation of GS
activity within skeletal muscle [72, 86].

This is the first clear example of where both GSK-3a and GSK-3f are capable of
performing a common role in a pathway but their activities are differentially directed in a
tissue specific manner. The idea that GSK-3 isoforms perform functionally divergent,
tissue specific roles would argue that additional levels of regulation must be employed to
compartmentalize these proteins such as differential expression, intracellular localization

or scaffolding into different multi-protein complexes.
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1.7 Regulation of the canonical Wnt pathway

The Wnt signal transduction pathway has been shown to direct many differentiation
events during embryonic development and to regulate stem cell fate in adult organisms
(for reviews see [87-89]). In the ‘canonical’ Wnt signalling pathway, Wnt ligands were
found to stabilise levels of the transcriptional activator B-catenin (Figure 1.3). Stable
B-catenin was shown to complex with TCF/LEF transcription factors and initiate
transcription of Wnt target genes. GSK-3 has been shown to phosphorylate several
intracellular components of the Wnt signal transduction pathway, the most well
characterized of these being f-catenin. In the absence of Wnt ligands, B-catenin was
shown to be phosphorylated at S45 by casein kinase 1o (CK1a) [55, 90], which primed it
for sequential GSK-3 phosphorylation at T41, S37 and S33 [91, 92]. Phosphorylated
B-catenin was recognised by the F-box protein fTrCP, a component of the E3 ubiquitin
ligase complex, and targeted it for degradation via polyubiquitination and proteasomal
degradation [93].

B-catenin alone was found to be a poor substrate for GSK-3 in virro. Efficient
phosphorylation of B-catenin required the formation of a multi-protein complex (also
known as the ‘destruction complex’) that minimally comprised the scaffolding protein
Axin, adenomatous polyposis coli (APC), CKla and either GSK-3 isoform [94-96]. Axin
directly bound and mediated interactions between CKla, GSK-3 and their substrate
B-catenin [94-97]. Axin was found to bind GSK-3 at a site distant from the substrate-
binding domain in a region defined as the ‘scaffold-binding region’ (SBR) [98] (Figure
1.2). In the presence of Axin, GSK-3-directed phosphorylation of p-catenin increased
600 000-fold relative to the un-scaffolded reaction [49, 96]. Axin itself is a substrate for
GSK-3, and phosphorylation decreased its proteolysis and increases P-catenin binding
[94, 96, 99], although the GSK-3 target residues within Axin have not been directly
identified. The tumour suppressor protein APC was found to bind both Axin and
B-catenin and is also a substrate of GSK-3; APC is phosphorylated on a series of 20-
amino acid repeats in a CKIl- and GSK-3-dependent manner [100-102]. APC
phosphorylation increases its affinity for B-catenin by 300- to 500-fold [103]. Xing et
al.[104] proposed that APC phosphorylation regulates the dynamics of B-catenin binding
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and release during a cycle of B-catenin degradation. Similarly, Ha er al. [105] proposed
that the levels of phospho and non-phospho APC function as a rheostat to control the
absolute levels of B-catenin in both the presence and absence of Wnt ligands.

In the presence of Wnt ligands B-catenin phosphorylation and turnover is inhibited. Wnt
ligands were found to bind the extracellular domains of the Wnt co-receptors Frizzled
(Fz) and low-density lipoprotein (LDL) receptor-related protein (LRP) 6 (LRP6) [106-
109]. Activation of Fz via Wnt ligand binding led to recruitment and phosphorylation of
the PDZ containing protein Dishevelled (Dvl) [110-113]. Dvl has been shown to bind
directly to Axin[114].

Axin was also found to bind to phosphorylated LRP6 [60, 115-117]. Several recent
studies have found evidence that GSK-3 also interacts with LRP6 and is the kinase
responsible for the phosphorylation of a series of conserved PPPSP motifs that are
essential for Axin binding [60, 115, 118-120]. Synthetic peptides based on these PPPSP
motifs were found to bind GSK-3 and acted as competitive inhibitors in a phospho-
specific manner [118, 120]. The ability of these peptides to bind to GSK-3 was
independent of SBR binding status, i.e. binding occurred equally well in the presence or
absence of a peptide based on the GSK-3-interaction domain (GID) of Axin. Conversely,
Zeng et al [115] found GSK-3 was only able to phosphorylate LRP6 when bound to
Axin; mutation of the SBR region of GSK-3 (L396Q), such that the protein exhibited
reduced affinity towards Axin was sufficient to prevent phosphorylation of LRP6 in vivo.
Taken together, these findings may be indicative of a positive feedback mechanism
whereby an Axin: GSK-3 complex is initially recruited to the membrane, perhaps via an
interaction between Axin and Dvl that is recruited to the membrane following Wnt
activation. A localized increase in GSK-3 would then lead to increased phosphorylation
of LRP6, which in turn would lead to increased binding between GSK-3 and phospho-
LRP6 via the substrate binding groove and an inability for GSK-3 to phosphorylate p-
catenin or other substrates.

The PPPSP motifs of LRP6 do not constitute a typical GSK-3 substrate site, since they do
not contain a priming residue. And, in contrast with its role in the turnover complex, this

proposed function for GSK-3 would result in the stabilisation of B-catenin.
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In Xenopus embryos, Wnt signalling was proposed to promote the dissociation of GSK-3
from Axin through the action of FRAT, also know as GBP (GSK-3-binding protein).
FRAT/GBP contains a GSK-3 interaction domain (GID) and was found to compete with
Axin for binding to the SBR of GSK-3 [121]. Depletion of FRAT/GBP prevented
B-catenin/TCF-dependent transcription and the formation of the Xenopus primary
embryonic axis, while ectopic expression of FRAT/GBP induced axis duplication and the
accumulation of f-catenin [122]. However, FRAT homologues have not been found in
Drosophila or C. elegans, suggesting that the protein is not a central component of a
primitive Wnt pathway. Furthermore, Van Amerongen et al. [123] showed that the three
murine FRAT homologues are dispensable for Wnt signal transduction during
development.

In addition to directing the efficient phosphorylation of B-catenin, it has recently been
proposed that the Axin: GSK-3 complex may perform a more general role in the
regulation of cellular signalling. Kim et al. [124] identified 42 proteins that were
candidates for GSK-3 —regulated phosphorylation, proteasomal degradation or both. This
study identified transcription factors, RNA associated proteins, metabolic proteins,
proteins that formed part of the cytoskeleton or membrane and signalling molecules that
were all targets for GSK-3 directed phosphorylation and/or degradation. Interestingly,
phosphorylation of 12 of these proteins could be inhibited through the addition of a
peptide based on the GID of Axin. Indicating that phosphorylation of these substrates
may require the formation of a multi-protein complex. Furthermore, levels of these 12
proteins were stabilized by the addition of Wnt ligands, indicating that a branch or
branches of the Wnt signal transduction pathway were responsible for regulating the

absolute levels of these proteins in the cell.
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1.8 Regulation of Hedgehog signal transduction

The Hedgehog (Hh) and Wnt signalling pathways frequently cooperate to direct cellular
proliferation, differentiation and pattern formation during embryonic development.
GSK-3 plays a role in regulating proteolysis in both the Wnt and Hh pathways, and it has
been suggested that this role may reflect the evolution of two pathways from a common,
ancestral signal transduction module (reviewed in [125-127]).

The Hedgehog signal transduction pathway was initially identified and characterized in
Drosophila where there is a single Hedgehog ligand (Hh) (Figure 1.4). Hh ligands were
shown to stabilize and stimulate the activity of full-length cubitus interruptus (Ci), a
protein shown to act as a transcriptional activator of Hh target genes [128, 129].

In the absence of Hh ligands, Ci was found to be phosphorylated at S856 and S892 by
PKA and subsequently at S852, S884 and S888 by GSK-3 [130, 131]. Phospho-Ci was
further phosphorylated by members of the CK1 family, leading to its recognition by
BTrCP and proteosomal processing [131, 132]. In contrast with Wnt signalling, in which
B-catenin is fully degraded, full-length Ci (Cil55) was found to be only partially
processed, generating a truncated protein (Ci75) that acts as a transcriptional repressor of
Hh target genes[129].

As discussed previously, efficient B-catenin phosphorylation requires the formation of the
multi-protein destruction complex. Similarly, efficient phosphorylation of Cil55 was
found to be dependent on the formation of a multi-protein complex known as the
‘hedgehog-signaling complex’ (HSC). This multi-protein complex consists minimally of
the kinesin-like protein Costal-2, and the serine/threonine kinase Fused (Fu), Suppressor
of fused (Su (Fu)), PKA, GSK-3 and CKI1[21, 133-135]. In addition to facilitating
efficient phosphorylation of Cil55, this complex was found to localize to microtubules in
an ATP dependent manner and prevented the nuclear translocation of Cil55[21, 133-
136].

In the absence of Hh ligands the transmembrane Hh receptor protein Patched (Ptc) was
found to inhibit the activity of a second Hh receptor protein, Smoothened (Smo) [137]. At
present, the mechanisms involved in this inhibition remain poorly understood. However it
is likely that alterations in phosphorylation state, protein stability and subcellular

localization are involved [138-140].
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In response to an Hh ligand, repression of Smo was shown to be alleviated [140-142].
Smo was found to bind directly to Costal-2, sequestering it to the membrane [143-145].
Translocation of Costal-2 was found to correlate with accumulation and translocation of
Cil55 to the nucleus.

Many of the key components responsible for Hh signal transduction in Drosophila are
conserved in mammals. However much less is known about the mechanisms of Hh signal
signalling in this system. Studies performed so far indicate that additional levels of
complexity exist, for example there are 3 hedgehog ligands in mammals; Indian
hedgehog (Thh), Desert hedgehog (Dhh) and Sonic hedgehog (Shh). Each of these ligands
were found to be differentially expressed during development with Shh being the most
wide-spread [146]. Similarly, there are multiple Ci homologues; Glil, Gli2 and Gli3,
each of which is subject to differential regulation. Furthermore, these proteins perform
divergent roles with Glil and Gli2 acting primarily as transcriptional activators of
hedgehog target genes while Gli3 exists in 2 forms (similar to Ci) and acts as both a
transcriptional repressor and activator of Hh target genes [147].

Mammalian orthologues of Costal-2, Fused and Su (Fu) have all been identified. Kif-7, a
member of the kinesin family has been proposed to be the mammalian orthologue of
Costal-2. Recent mouse knockout studies have confirmed that Kif-7 is a component of
the Shh pathway and is essential for correct processing of Gli3 in mammals[148, 149].
Fused was found to be essential for embryonic patterning in Drosophila [150]. However
Fu null mice are viable and demonstrate no Hh related phenotypes [151] perhaps
indicating that Fused performs a divergent role in mammalian Hh signalling. Similarly,
the mammalian Su (Fu) was found to bind directly to GSK-3 and facilitate efficient
phosphorylation of Gli3 in place of Kif-7 (Costal-2)[152] suggesting, that despite the
conservation of several components of this pathway, the mechanisms by which Hh signal
transduction occurs has diverged since the separation of the vertebrate and invertebrate

lineages.
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1.9 Regulation of the cytoskeleton by GSK-3

Neurons are highly polarized cells consisting of a single axon and multiple dendrites that
are structurally and functionally distinct [153]. Initially, a nerve cell body will generate
lamellipodia at the cell surface, followed by the extension of multiple immature neurites.
During this process, one neurite will undergo a transition and initiate a period of rapid
growth to form an axon. The remaining immature neurites develop more slowly and
become dendrites [154]. Multiple signalling pathways cooperate to bring about these
changes in cell structure, and GSK-3 performs roles in several of these pathways.

The extension of immature neurites requires the assembly of a stable microtubule
infrastructure. Microtubules consist of a- and B-tubulin dimers and cycle between phases
of growth and shrinkage (reviewed in [155]). Polymerization and stability of
microtubules is regulated by a number of microtubule-associated proteins (MAPs).
GSK-3 has been shown to phosphorylate several MAPs, including CLASP2[156], APC
[157], Tau [158] and MAP2C [159]. Each of these MAPs influences stability through
direct interactions with microtubules, but the mechanisms remain unclear. GSK-3-
phosphorylated forms of APC, Tau and MAP2C all exhibit decreased affinity towards
microtubules and fail to stabilize them [157-159]. Components of the Wnt signalling
pathway may regulate the ability of GSK-3 to phosphorylate these targets; Dishevelled
(Dvl) and Axin were both shown to localize to microtubules and influence their stability
by inhibiting GSK-3 activity [160], although the mechanism is not known. Unlike the
canonical Wnt pathway, this system does not influence gene transcription, indicating that
these proteins function in a microtubule-specific pathway [160].

The establishment of the presumptive axon seemingly requires the inhibition of GSK-3
activity; Jiang et al. [161] demonstrated that S9-phosphorylated GSK-3f localized most
strongly to the tip of the presumptive axon. Furthermore, treatment with GSK-3
inhibitors, sShRNA against GSK-3f or peptides containing a GID led to the formation of
multiple axons at the expense of dendrites [161]. Recently, Girtner et al. [162] reported
that the neurons of S21A GSK-3a/S9A GSK-38 double knock-in mice develop normally.
The neurons of these mice were still sensitive to GSK-3 inhibitors, indicating that while

regulation of GSK-3 activity is important, serine phosphorylation alone is not sufficient
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to determine the identity of the presumptive axon. It was interesting that peptides
containing a GID caused the formation of multiple axons, suggesting that scaffolding
proteins may interact with and direct GSK-3 activity within these cells.

Neurite retraction also correlated with GSK-3 activity; the inhibitory guidance molecule
Semaphorin-3A (Sema3A) was shown to influence the availability of phospho-S9
GSK-3p located at the leading edge of the axon and caused neurite retraction [163]. The
GSK-3 substrates CRMP2 and CRMP4 were both identified as downstream targets of
Sema3A signalling, and phosphorylation of these proteins reduced their ability to
stabilise growth cones via the actin cytoskeleton [164, 165].

Careful regulation of microtubule dynamics is also required during mitosis to orient and
assemble a spindle apparatus that accurately segregates chromosomes. Wakefield et al.
[70] reported that GSK-3f localises specifically to mitotic microtubules and to the
centrosome. Furthermore, inhibition of GSK-3 caused defects in astral microtubule
length, chromosome alignment and an increase in the frequency of micronuclei [70, 166,
167], suggesting that GSK-3 activity is required during mitosis. Loss-of-function studies
in a number of systems have shown that cell division can proceed in the absence of
GSK-3 but report that the process is more prone to error and delay. In S. cerevisiae,
deletion of the GSK-3 homologue MCK1! increased the rate of mitotic chromosome loss
[168], while in C. elegans, RNAI depletion of GSK-3 interfered with mitotic spindle
orientation in 4 cell-stage embryos [169]. In Drosophila embryos, loss of GSK-3 (sgg)
interfered with interactions between spindle tubules and cortical actin [170]. Depletion of
other canonical components of the Wnt signalling pathway induced related phenomena.
For example, loss of APC in Xenopus extracts or expression of truncated APC in
colorectal tumour cells was associated with defects in mitotic spindle assembly [171,
172]. Similarly, loss of B-catenin or expression of AXIN2 was found to be associated with
increases in mitotic errors [91, 173]. These findings, in conjunction with the
characterisation of the roles of Dvl and Axin during neurite extension, may be indicative
of a central role for components of the Wnt pathway in the regulation of microtubule

dynamics.
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1.10 Regulation of apoptosis and cell viability

GSK-3 was shown to induce apoptosis in response to a range of stimuli including DNA
damage [52], hypoxia [174], removal of NGF [175] or BDNF [176], exposure to
staurosporine and heat shock [177]. GSK-3 elicits a response to these stimuli through the
regulation of transcription factors (discussed below) including p53 [52] and heat shock
factor-1 [178]. Furthermore, as part of a pro-apoptotic signalling cascade, GSK-3
phosphorylates and inhibits the translation initiation factor elF2B, providing a link
between the global regulation of protein synthesis and cell survival [179, 180].
Conversely, complete loss of GSK-3f also resulted in apoptosis due to a failure to
activate the TNFa/NFkB survival signalling pathway [23]. These observations make it
difficult to predict the outcome of GSK-3 inhibition in particular systems due to the range

of potentially conflicting roles that may be played.

1.11 Regulation of transcription factors

A plethora of putative GSK-3 substrates have been identified, a large proportion of these
are transcription factors that include c-Jun [181, 182], c-Myc [183], CREB [184], NFATc
[185, 186], HSF-1 [178, 187] and STATa [188]. GSK-3 negatively regulates the activity
of these transcription factors via a number of different mechanisms. For example, N-
terminal phosphorylation of NFATc or STATa by GSK-3 induced nuclear export [185,
188], while phosphorylation of c-Myc at S62 by GSK-3 targeted the protein for ubiquitin-
mediated proteolysis [183]. In contrast, c-Jun, CREB, HSF-1 and NFATc exhibited
reduced binding affinity towards their target DNA sequences following GSK-3-directed
phosphorylation [186, 187, 189, 190].

The ability of GSK-3 to target transcription factors clearly requires multiple levels of
regulation to ensure differential targeting of substrates. Specifically, localisation of
GSK-3 is fundamental in regulating its activity towards transcription factors in the same
way that localization of GSK-3 to mitotic spindles is key to regulating its role in spindle
dynamics. Removal of growth factors or treatment with staurosporine causes nuclear
accumulation of GSK-3 that presumably alters the access of GSK-3 to nuclear targets.

Conversely, both FRAT- and Axin-bound GSK-3 were shown to be exported from the



nucleus via a CRM-1-dependent mechanism [191, 192]. Mutations to the SBR of GSK-3
enhanced nuclear accumulation, suggesting that scaffolding proteins including Axin and

FRAT are at least in part responsible for GSK-3 nuclear export.

1.12 The role of GSK-3 in Dictyostelium

Dictyostelium amoebae exist as individual cells in the presence of an abundant food
source. Upon starvation, up to 100,000 amoebae will aggregate to form a multicellular
structure (Figure 1.5). The aggregation of single cells is coordinated by the pulsatile
release of cyclic AMP (cAMP). cAMP acts as a chemo attractant and as a regulator of
developmental gene expression via signal transduction through a family of cAMP
receptors, cAR1 and cAR3 which have a high affinity for cAMP, and low-affinity cAMP
receptors cAR2 and cAR4.

Under these conditions cells form a mound surrounded by an extracellular matrix and
begin to differentiate into pre-spore and pre-stalk cells [193]. These cells re-distribute
themselves within the mound as it becomes a finger-like structure and frequently topple
over to form migratory slugs. Upon finding favourable conditions a slug will undergo
terminal differentiation to form a fruiting body consisting of a ball of spores supported on
a stalk.

The Dictyostelium genome encodes a single GSK-3 homologue, GskA. Expression of
GskA is not essential for cell survival; gsk4 null cells are viable [194]. However, these
cells do exhibit developmental abnormalities; slugs migrate shorter distances and fruiting
bodies develop with an enlarged basal disc and small spore head [194].

The pre-stalk marker ecmB was found to be ectopically expressed in gsk4 null cells
[194]. Expression of ecmB and subsequent stalk cell differentiation is inhibited by cAMP
while spore cell differentiation requires cAMP. Since loss of GskA results in aberrant
ecmB expression and expansion of the proportion of stalk cells it would suggest that
GskA normally acts as part of a pathway to repress stalk cell differentiation during
development [194, 195].

In addition to inappropriate ecmB expression, Strmecki et al [196] reported that 193
genes exhibited altered expression in the gsk4 null cell line. A list of these genes with

details of the fold change in expression was provided in a personal communication with
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Gareth Bloomfield (Appendix Table A.1). Analysis of the gene ontology (GO) terms for
these genes revealed that a significant number of proteins that were under-represented in
the gsk4 nulls were associated with catabolic and proteolytic processes (Appendix Table
A.2). A significant number of genes that were reportedly over-represented are associated
with processing of ATP, and biosynthetic and metabolic pathways linked to
ribonucleotides (Appendix Table A.3).

The dual-specificity kinase, Zak1, was found to act downstream of cAR3 and directly
phosphorylate Tyr214 of GskA (analogous to Tyr 216 of mammalian GSK-38) [80, 82].
As described previously, phosphorylation of Tyr214 is associated with an increase in
kinase activity. It has been suggested that the combinatorial actions of ZAK1 and an un-
identified tyrosine phosphatase may act to differentially regulate GskA activity during
development and as such direct differential expression of cell type markers[81].

Despite the identification of a role for GskA during development and the characterization
of the downstream consequences of its loss, only a single GskA substrate has been
identified; the transcription factor STATa. Phosphorylation of STATa by GskA is
associated with increased nuclear export [188]. A comprehensive list of STATa target
genes is not yet available so it is unclear whether the affects on gene expression seen in
the gskd null cell line can be solely attributed to mis-regulation of STATa activity.
However, given the large number of GSK-3 substrates identified in other systems this is
unlikely.

There is emerging evidence that GskA activity may be directed towards specific
substrates by interacting with binding proteins; specific point mutations (V267G and
E268R) introduced into the scaffold-binding region of mammalian GSK-3f were found
to completely abrogate an interaction with Axin, while the ability of GSK-3f to associate
with FRAT was only minimally affected. To date, no Axin homologue has been
identified in Dictyostelium. However, Fraser et al [98] reported that expression of
mutated GskA V267G/E268R in wild type Dictyostelium (Ax2) cells resulted in an
altered morphology: cells failed to polarize correctly, exhibited a rounder leading edge
and very slow contraction of the cell rear. Indeed, the trailing edge of the cell was often

dragged along as a bulge. Additional bulges and constrictions were also observed along
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the body of the cell. The dominant effect of expressing this mutated protein could lead
one to propose that GskAs role(s) in Dictyostelium is directed through the formation of

one or more multi-protein complexes.

1.13 Dictyostelium chemotaxis

Chemotaxis, the directed migration of cells through a gradient of signalling molecules, is
a dynamic process that requires directional sensing, cell polarization, adhesion and
motility (reviewed in [197-199]).

This process has been extensively studied in Dictyostelium. In the absence of a chemo-
attractant Dictyostelium cells extend pseudopodia at random. However, cAMP
stimulation was found to lead to localized F-actin polymerization at the leading edge of
the cell and formation of an actomyosin network at the rear [200]. This actomyosin
network contains myosin II and provides the contractile force that helps release the cell
from the substratum, allowing the posterior to move forward [201, 202]. Myosin II was
also found along the lateral sides of cells, where it increases the cortical tension,
providing a physical barrier restricting the formation of lateral pseudopodia [200].
Efficient chemotaxis during Dictyostelium development requires cells to detect and
respond to extracellular cAMP. Multiple signalling pathways are involved in directing
chemotaxis, including the PI3K/ PI(3,4,5)P; signalling pathway. The cAMP receptors
and heterotrimeric G-proteins responsible for binding cAMP and transmitting the signal
to downstream effectors were found to be uniformly distributed over the cell surface
[203, 204]. Binding of cAMP to its receptor led to the localized activation of Ras, which
in turn activated phosphatidylinositol-3-kinase (PI3K) [205]. Following Ras activation,
PI3K was recruited to the membrane where it is responsible for the phosphorylation of

PI(4,5)P, to form PI(3,4,5)P; [206-208]. Concurrently, PTEN, the phosphatase

responsible for de-phosphorylating PI(3,4,5)P; to form PI(4,5)P;, dissociated from the

plasma membrane at the leading edge and was restricted to the lateral sides and rear of

the cell [207, 208]. These events led to the localized synthesis and accumulation of

PI(3.4,5)P; at the leading edge of the cell and subsequent F-actin polymerization.

33



PI(3,4,5)P; was found to recruit pleckstrin homology (PH) domain-containing proteins,
such as cytosolic regulator of adenylate cyclase (CRAC), PhdA and PkbA to the plasma
membrane. Indeed, the localized accumulation of PI(3.4,5)P3 has frequently be visualized
by through expression of this PH domain fused to GFP [209-214].

Although the precise mechanisms by which PI(3,4,5)P; accumulation promotes F-actin
polymerization remain unclear it is likely that this ability to locally concentrate PH-
domain containing-proteins is pivotal; loss of PhdA or PkbA led to a reduction in actin
polymerization and cellular polarization respectively[215, 216].

Cellular polarization defined by the asymmetric accumulation of PI(3,4,5)P; at the
leading edge of the cell and PTEN at the rear became further pronounced over time
through the ability of PI3K to associate with, and become concentrated at sites enriched
in cortical F-actin. Cellular polarization also involved the rearrangement of microtubules
to enable motor proteins such as dynein and kinesin to perform directed membrane
trafficking, and reorientation of the microtubule-organizing centre (MTOC) towards the
direction of migration.

Lithium, a GSK-3 inhibitor, has been shown to affect chemotaxis, and it has been
proposed that this affect may be mediated through inhibition of GSK-3[217]. However,
until recently this suggestion has not been explored further (See Chapter 4 for details).

1.14 Dictyostelium Cytokinesis

Cytokinesis involves a highly co-ordinated series of events that leads to the formation of
two daughter cells [218-220] (Figure 1.6). Initially, a mitotic spindle forms and
chromosomes become aligned along the equator of the cell. During anaphase, as the
chromosomes separate and move towards opposite poles of the cell, the contractile ring,
consisting of actin filaments interspersed with myosin II, accumulates equatorially at the
cell cortex. Myosin II-dependent constriction of the contractile ring causes furrowing of
the cell membrane and as telophase progresses the cleavage furrow constricts so that only
a cytoplasmic bridge links the two daughter cells. Finally, the two cells are separated
following scission of this cytoplasmic bridge. This method of cytokinesis is termed

‘cytokinesis A’.
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In Dictyostelium, cells that lacked the gene encoding myosin II heavy chain (mhcA) or
had the mhcA gene silenced by over-expression of antisense RNA failed completely to
undergo cytokinesis when grown in shaking culture [221, 222]. These cells increased in
size and accumulated nuclei until they eventually lysed. However, these cells were viable
when grown on a solid surface [221, 222]. Neujahr et al [223, 224] report that when
grown on a solid surface these cells were capable of forming a cleavage furrow and
divided via a process termed ‘cell-cycle coupled, adhesion dependent cytokinesis’ or
‘cytokinesis B’. This method of cytokinesis was found to be an extremely robust process,
despite taking approximately twice as long as cytokinesis A [225].

Nagasaki et al [226] reported that when these large, multinucleate mhcA4 null cells were
allowed to adhere to a solid surface these cells rapidly underwent a series of divisions to
become mono-nucleate. This method of cytokinesis was not linked to progression of the
cell cycle, and involved the cells forming multiple leading edges that tore the cell into
multiple fragments. This process was later termed ‘traction-mediated cytofission’ or
‘cytokinesis C’ [226, 227].

More recently, a fourth method of cytokinesis has been described, ‘cytokinesis D’, which
requires the assistance of a neighbouring cell. This neighbouring cell performs the role of
‘midwife’ by chemotaxing towards the equator of the mitotic cell and passing over the
intracellular bridge between daughter cells aiding severage [226, 228]. This method of
completing cytokinesis is clearly different to typical scission and appears to occur at low
frequency in Dictyostelium unless the pathways controlling Cytokinesis A and
Cytokinesis B are both disrupted. Nagasaki et al [228] demonstrated that nearly half the
cytokinesis events that occurred in mhcA null cells involved the attraction of a

neighbouring cell to the cleavage region. Furthermore, Nagasaki et al [228] demonstrated

that cells that lacked gene encoding the beta subunit of the trimeric G protein ( Gg) and

were incapable of chemotaxis, did not show such midwifery. The authors also
demonstrated that in wild-type cells, PI(3,4,5)P; became enriched in the anterior region
of midwifing cells, consistent with the view that this midwifery was directed by
chemotaxis towards a source of cAMP.

The underlying signalling pathways responsible for mediating the different forms of

cytokinesis remain largely unclear, however there is emerging evidence PI3K signalling
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performs a role in more than one method of cytokinesis. Janetopoulos et al [229] found
that cells lacking both PI3K and PTEN activity (pi3k’~pten null cells) failed to divide
when grown in shaking culture. The authors demonstrated that in wild-type cells, Ras,
PI3K and associated PI(3,4.5)P; accumulation was uniformly suppressed at the onset of

cytokinesis as cells rounded up [229, 230]. Concurrently, PTEN was found to be evenly
distributed at the cellular cortex. As cells progressed through mitosis, PTEN localisation

became limited to the developing furrow, which coincided with myosin II accumulation.
Simultaneously, activated Ras and P1(3,4,5)P; could be seen to gradually accumulate to
the polar ruffles during spindle assembly, cell elongation, and cytokinesis [229, 230].
When the daughter cells separated from one another, cortically localized PI(3,4,5)P;3

increased dramatically, resulting in high levels of random pseudopod extension [230].

Cells lacking Gﬁ (gﬁ—) still exhibited Ras activation, and associated PI3K / PI(3,4,5)P;

signalling, during cytokinesis, suggesting that a Gg-independent Ras/PI3K signalling

pathway may perform a fundamental role in regulating cytokinesis A.
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1.15 Aims of this study

The aim of this study was to gain a better understanding of the role performed by GskA
in Dictyostelium, and the mechanisms by which GskA activity is regulated. In order to
achieve that aim I assessed and characterized the phenotype of a gsk4 null cell. I then
expressed a series of GskA-GFP fusion proteins in a gsk4 null background and assessed

the ability of each of these fusion proteins to rescue aspects of the gsk4 null phenotype.

Multiple roles for mammalian GSK-3 have previously been identified and well
characterised. Several mechanisms by which this protein can be regulated have also been
identified. However, it still remains wunclear whether GSK-38 activity is
compartmentalized to ensure separation of each role, or if a single stimulus co-ordinates
multiple responses through a common pool of GSK-3p. Compartmentalization of GSK-
3B does occur through binding to scaffolding proteins that direct activity towards specific
substrates, as seen with the Wnt signalling pathway. A Wnt signal transduction pathway
has not been identified in Dictyostelium. However, there is emerging evidence that
protein binding may also be important in directing the activity of GskA.

As part of this current study I investigated whether binding to specific proteins
represented a general mechanism by which GSK-3 activity was regulated. Specifically, I
attempted to identify novel GSK3f or GskA binding partners using affinity

chromatography and mass spectrometry analysis.
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Chapter 2

Materials and Methods
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2.1 Cloning

Throughout this project, all plasmids constructed were primarily screened by restriction
digest. All enzymes were supplied by New England Biolabs and used in the appropriate
buffer. For screening of plasmid clones, approximately 0.5 ug of DNA from each was
digested with enzyme and analysed by agarose gel electrophoresis. Clones to be used for
protein expression were then subsequently sequenced. Ligations were carried out at room
temperature for approximately 1-2 hours using T4 DNA ligase (New England Biolabs).

Generally a 3:1 molar ratio of vector : insert was used.

2.1.1 Dictyostelium Vectors

pDXA GFP2

The pDXA GFP2 (Accession No. AF269235) vector contains coding sequence for the
GFPmut?2 variant of green fluorescent protein flanked by multiple cloning sites allowing
incorporation of additional coding sequence to produce either N or C-terminal fusion
proteins. GFPmut2 expression is under the control of the constitutive actin promoter
actl5 [233]. This vector provides G418 resistance and contains Ddp2; a cis-acting
extrachromosomal replication element. To enable extrachromosomal replication pDXA
GFP2 must be co-transfected with the pREP vector, in the absence of pREP this vector

will be maintained via chromosomal integration [234].

pDXA GskA-GFP2
H.Williams previously cloned the coding region of GskA into pDXA GFP2 via Kpnl and
Ni! restriction sites, such that a GskA-GFP2 fusion protein was expressed under the

control of actl3.

pDXA GskA-GFP2 Y214G / pDXA GskA-GFP2 R96E / pDXA GskA-GFP2 K85R
H. Williams previously introduced separate point mutations into the coding region of the
pDXA GskA-GFP2 vector using the Stategene QuikChange Site-Directed Mutagenesis
Kit as per the manufacturers direction. Mutations were introduced to alter K85, R96 or
Y214 of GskA to argenine (K85), glutamic acid (R96) and glycine (Y214) residues.
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2.1.2 Mammalian Vectors

pSK(-) GSK-3p
The coding region of human GSK-3f was previously cloned into the vector pSK(-) via
EcoR1/Hincll restriction sites, such that a C-terminally tagged 6xHis-GSK-3f fusion

protein was encoded. This plasmid was a kind gift from the Woodgett lab.

pEGFP-N3

The pEGFP-N3 vector (Accession No. U57609) is commercially available from
BDBioscience. This vector contains coding sequence for the EGFPmutl variant of green
fluorescent protein, which contains the double-amino-acid substitution of Phe-64 to Leu
and Ser-65 to Thr [235]. The coding sequence of the EGFP gene also contains more than
190 silent base changes that correspond to human codon-usage preferences [236]. A
multiple cloning sites located upstream of the EGFPmutl coding region allows
incorporation of additional coding sequence to produce C-terminal fusion proteins.
EGFPmutl expression is under the control of the constitutive CMV promoter. This vector

confers G418 resistance.

pEGFP-N3-GSK-3p8
The coding region of GSK-3p (lacking the STOP codon) was cloned into the pEGFP-N3
vector via Ndel and Kpnl restriction sites, GSK-3p-EGFPmutl fusion protein was

expressed under the control of the CMV promoter.

pCR-Blunt II-TOPO GSK-38
A PCR product encoding the coding region of GSK-38, flanked 5> by Ndel and AfllI
restriction sites and 3" by a Kpnl restriction site, was introduced into the pCR-Blunt II-

TOPO vector as per manufacturers instructions. This plasmid was used as an intermediate
between PCR product and the pEGFP-N3-GSK-3f vector.

41



pcDNAS/FRT/TO

The pcDNAS/FRT/TO vector is commercially available from Invitrogen and is designed
for use with the Flp-In T-REx System. The pcDNAS5/FRT/TO vector encodes a hybrid
human cytomegalovirus (CMV) / Tetracycline Operator 2 (TetO,) promoter. Briefly, this
promoter consists of a CMV immediate early enhance/promoter into which 2 copies of
the TetO, sequence have been inserted in tandem. These TetO, sequences are 19
nucleotides long each, and act to confer regulation by tetracycline to the promoter [237-
241]. Down-stream of the CMV/TetO; promoter is a multiple cloning site that allows
incorporation of a gene of interest. The pcDNAS/FRT/TO vector also contains a single
Flp recombinase target (FRT) site for Flp recombinase-mediated integration of the vector
into the Flp-In T-REx HEK 293 host cell line when co-transfected with the pOG44

vector. This vector confers hygromycin resistance.

pcDNAS/FRT/TO GSK-38-GFP
The coding region of GSK-3B-EGFPmutl was cloned into the pcDNAS5/FRT/TO vector
via AflIl and Notl restriction sites, such that a GSK-3p-EGFPmutl fusion protein was

expressed under the control of the CMV/TetO, hybrid promoter.

pcDNAS/FRT/TO EGFPmutl
The coding region of EGFPmutl was cloned into the pcDNAS/FRT/TO vector via Kpnl
and Notl restriction sites, such that the EGFPmutl protein was expressed under the

control of the CMV/TetO; hybrid promoter.

pOG44

The pOG44 vector is a Flp recombinase expression vector, commercially available from
Invitrogen and is designed to be used with the Flp-In T-REx System. When cotransfected
with the pcDNAS/FRT/TO vector into the Flp-In 293 host cell line, the Flp recombinase
expressed from pOG44 mediates integration of the pcDNAS/FRT/TO vector into the
genome via Flp recombination target sites. The pOG44 vector encodes a CMV promoter,
followed by a synthetic intron (to enhance expression of FLP gene) and FLP gene in

series. This vector confers ampicilin resistance.
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pcDNA 3.1 FLAG-Ax1
E. Fraser previously constructed a vector encoding a quadruple FLAG tagged portion of
Axin (corresponding to amino acids 367-701) under the control of a CMV promoter. This

plasmid contains a pcDNA3.1+ backbone (Invitrogen).

pcDNA 3.1 FLAG-Ax1 L521P

E. Fraser previously introduced point mutations into the coding region of the pcDNA 3.1
FLAG-Ax]1 vector using the Stategene QuikChange Site-Directed Mutagenesis Kit as per
the manufacturers direction. A mutation was introduced to alter L521 of Axin to a proline

residue.

pcDNA 3.1 FLAG-FRAT
E. Fraser previously constructed a vector encoding a quadruple FLAG tagged FRAT
under the control of a CMV promoter. This plasmid contains a pcDNA3.1+ backbone

(Invitrogen).

pcDNA 3.1 FLAG-FRAT K208A/E209Q

E. Fraser previously introduced point mutations into the coding region of the pcDNA 3.1
FLAG-FRAT vector using the Stategene QuikChange Site-Directed Mutagenesis Kit as
per the manufacturers direction. Mutations were introduced to alter K208 and E209 to

alanine and glutamine residues respectively.

2.2 PCR

c¢DNA encoding GSK3p was amplified by PCR using the Pfu proofreading polymerase
(Promega) as per the manufacturers instructions. The following primers were used:
GCAGGCCATATGCTTAAGTGATCATGTCA / ACAATTATCGATGGTGGAGTTG
GAAGC. The PCR product was then gel-purified and cloned into pCR-Blunt II-TOPO

(Invitrogen) before validation.
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2.3 Cell culture

2.3.1 Dictyostelium cell culture

Dictyostelium cells were grown axenically in HL-5 medium (14 g/L proteose peptone, 7
g/L yeast extract, 13.5 g/L glucose, 0.5 g/L Na,HPO4, 0.5 g/L KH,PO4,pH 6.4.)
(Formedium) for normal culture and antibiotic selections. All transformed cell lines were
grown in the presence of 40 pg ml™! Geneticin (G418). The gskA null strain [194] was
grown in the presence of 10ug ml" Blasticidin. Cells were also allowed to develop on
SM agar plates (10 g/L proteose peptone, 1 g/L yeast extract, 10 g/L glucose, 1.9 g/L
KH,POy,, 1.3 g/L K;HPO4.3H,0, 0.49 g/l MgSO,, 17 g/L. agar) on a lawn of Klebsiella
aerogenes by standard methods.

For long-term storage of cell lines, cells were resuspended in freezing media at 107 cells
ml™” then frozen at -80°C in 500ul aliquots in cryovials. Cells were restored from long-
term storage by rapidly defrosting and re-suspending them in axenic media before
transferring to 9cm plate with 1% heat killed E.coli.

Except where otherwise stated, the Ax2 strain was used as wild-type and the (Ax2)/gsk4
null strain was used as the parent of all mutants. Cells were both starved and washed in
KK2 buffer (16.5 mM KH,PO4, 3.8 mM K,;HPO; pH 6.2). When required, cells were

pelleted by centrifugation at 700 x g for 2 minutes.

2.3.2 Mammalian cell culture

The Flp-In™ T-REx™ 293 cell line is commercially available from Invitorgen and is
derived from human embryonic kidney (HEK) -293 cells [242]. This parental cell line
was obtained from the American Type culture collection (item number CRL-1573). The
Flp-In T-REx 293 cell line has previously been transfected such that two cassettes have
integrated randomly into the genome (Figure 2.1). The first of these cassettes encodes a
LacZ-Zeocin fusion gene expressed from an SV40 promoter. The LacZ-Zeocin fusion
gene incorporates an FRT site directly downstream of the ATG start codon. This cassette
cofers Zeocin resistance to the cells that, following transfection (and integration through
the aforementioned FRT site) of the pcDNAS/FRT/TO vector is lost.
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The second cassette encodes the Tetracycline repressor (7efR) gene under control of a
CMV promoter, followed by a Blasticidin resistance gene under control of an SV40
promoter. In the absence of tetracycline, the tetracycline repressor protein binds to and
prevents expression from the CMV/TetO, hybrid promoter located on the
pcDNAS/FRT/TO vector.

Flp-In T-REx 293 cells were grown in D-MEM supplemented with 10% heat inactivated
Fetal Calf Serum (Gibco), 1% Pen/Strep, 0.5% L-Glutamine 50mg/ml (GIBCO).

Prior to transfection, media was supplemented with 100pg/ml zeocin and 12ug/ml
blasticidin. Following transfection, media was supplemented with 300ug/ml hygromycin
and 12mg/ml blasticidin.

For long-term storage of cell lines, cells were resuspended in freezing media at 10 cells
ml-1 then frozen at -80°C in 1ml aliquots in cryovials. Cells were restored from long-
term storage by rapidly defrosting and re-suspending them in warm tissue culture media
before transferring to T80 tissue culture flask (Nunc).

In all cases, except where otherwise stated, the Flp-In T-REx 293 cells was used as wild-
type and is the parent of all mutants. When required, cells were pelleted by centrifugation

at 750 x g for 5 minutes.
2.4 Transformations

2.4.1 Dictyostelium transformations

Cells were transformed by electroporation as previously described [243-245]. Briefly, 10’
cells, growing in log-phase were washed once in ice-cold electroporation buffer (50mM
sucrose in KK2) before being resuspended to a final volume of 800ul in an
electroporation cuvette. 20ug of plasmid DNA was then added and incubated on ice for
10 minutes. Cells were electroporated at 1kV before a further 10 minute incubation on
ice. The cells were then transferred into a 10cm petri dish and 8l of salt solution (0.1M
MgCl, 0.1M CaCl,) added. After a further 20 minutes the cells were then finally
resuspended in 10 ml of non-selective axenic media containing Streptomycin sulphate
and 1% heat killed E. coli.
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After 24 hours, cells were transferred into 6 x 96 well plates in the presence of 40 ug/ml
G418. After approximately 2 weeks, multiple clones were selected and transferred into

individual wells of a 24 well plate for screening.

2.4.2 Mammalian transformation

Cells were transfected using TransFectin'™ lipid reagent (BioRad) as per the
manufacturers instructions. Briefly, cells were seeded onto 6-well plates the day before
transfection, such that they were approximately 80% confluent on the day of transfection.
On the day of transfection, the cell media was aspirated and replaced with 2 ml media
containing no antibiotics. Cells were allowed to settle for a minimum of two hours.

500ul of DNA-TransFectin complexes (2.2ug plasmid DNA; 10:1 ratio of pOG44
plasmid to plasmid of interest, 8ul TransFectin reagent, all in 500ul Optimem) was added
and cells were left for a further 4 hours. After 4 hours the media was aspirated off and
replaced with antibiotic free media.

After 24 hours, cells were washed with PBS and treated with trypsin. Cells were
resuspended in 3ml of media and transferred to 9cm plates containing 7ml of antibiotic
free media. Cells were incubated over night to allow them to recover from trypsin
treatment and attach to the plate. After 24 hours, media was aspirated and replaced with
media containing 300pg/ml hygromycin and 12ug/ml blasticidin.

After approximately 2 weeks, multiple clones were seen and transferred into individual

wells of a 24 well plate for screening.
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2.5 Screening of clones

2.5.1 Screening of Dictyostelium clones

After the isolation of independent clones, each was grown in 1ml culture in a 24 well
plate. When each well became confluent, they were resuspended in KK2. After 2 hours,
cells were resuspended and 40 ul transferred to a glass-bottomed chamber slide (Lab-
Tek) containing 1 ml KK2. Cells were then left for 30 minutes to attach and recover
before the KK2 was aspirated and replaced with fresh KK2.

Cells were observed for GFP fluorescence using the Olympus IX71 inverted microscope

with a 20x objective, fluorescent cells were selected for further analysis.

2.5.2 Screening of T-REx 293 GSK3B-GFP and GFP cell lines

After the isolation of independent clones, each was grown in duplicate in a 24 well plate.
When cells were 80% confluent one of each duplicate was treated with 0.5mg/ml
doxycyclin for 4 hours. Following incubation, media was aspirated from wells cells and
cells were harvested in 4xNuPage buffer and assessed by western blot.

Cells were further assessed to ensure integration had occurred into the correct site using

the LacZ assay (see below).
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2.6 Immunofluorescence

2.6.1 Dictyostelium immunofluorescence

For immunofluorescence imaging, cells were seeded onto 16mm glass coverslips, and
allowed to adhere for 30 minutes. Coverslips were then washed twice in KK2 and fixed
in 3% paraformaldehyde (in water) for 20 minutes. Cross-linking was quenched in 30mM
glycine. Coverslips were then washed three times with PBS and cells were permeabilised
in 0.1% TritonX (in PBS) for 5 minutes. Slides were washed in PBS and incubated in

%BSA (in PBS) for 1 hour. Samples were then stained with M2-mouse «-Sgg primary
antibody (1:1,000 dilution Upstate) for one hour, washed three times, and then a Alexa
Fluor 647-conjugated a-mouse IgG secondary antibody (1:1,000, Sigma) for a further
hour. Coverslides were washed three times (PBS) and incubated with 1pg/ml 4°.6-
Diamidino-2-phenylindole dihydrochloride (DAPI) in water. Coverslips were then
washed in water and mounted on slides using Mowiol. Images were taken using the

Olympus IX71 inverted microscope with an oil immersion 60x objective.

2.6.2 Mammalian immunofluorescence

For immunofluorescence imaging, cells were seeded onto 16mm glass coverslips, and
cultured for 24 hours before being induced for a further 24 hours with 2ng/ml
doxycycline. Coverslips were washed twice in PBS and fixed in 3% paraformaldehyde
(in PBS) for 20 minutes. Cross-linking was quenched in 30mM glycine. Coverslips were
then washed three times with PBS and cells were permeabilised in 0.1% TritonX (in
PBS) for 5 minutes. Slides were washed in PBS and incubated in 3%BSA (in PBS) for 1
hour. Samples were then stained with rabbit a-GSK3f primary antibody (1:1,000 dilution
BD Biosciences) for one hour, washed three times, and then a Alexa Fluor 647-
conjugated a-rabbit IgG secondary antibody (1:1,000, Sigma) for a further hour.
Coverslides were washed three times (PBS) and incubated with 1ug/ml 4’,6-Diamidino-
2-phenylindole dihydrochloride (DAPI) in water. Coverslips were then washed in water
and mounted on slides using Mowiol. Images were taken using the Olympus 1X71

inverted microscope with an oil immersion 60x objective.
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2.7 Western blot

2.7.1 Dictyostelium western blots

For western blotting, 107 cells were lysed in 500ul lysis buffer (100mM NaCl, 50mM
Tris, 0.5% NP-40, 10% glycerol) supplemented with a Roche complete inhibitor tablet.
500ul of NuPage buffer (50 mM Tris-HCL pH 6.8, 100 mM dithiothreitol, 2% SDS,
0.1% bromophenol blue, 10% glycerol) was added and samples were boiled for 5 minutes
to denature proteins before running on a 4-12% Bis-Tris gel (Invitrogen). The protein
from 1.5x10° cells was loaded per lane. Western blotting was then carried out using
standard methods. A table giving details of the antibodies used in this study can be found

below. In all cases Pierce ECL reagent was used as HRP substrate.

2.7.2 Mammalian western blots

Unless otherwise stated, cells from a one well of a 6-well dish were lysed 500ul of
NuPage buffer (50 mM Tris-HCL pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1%
bromophenol blue, 10% glycerol) and samples were boiled for 5 minutes to denature
proteins. Samples were then passed through a fine-gauge needle several times before
running on a 4-12% Bis-Tris gel (Invitrogen). 10ul was loaded per lane. Western blotting
was then carried out using standard methods. A table giving details of the antibodies used
in this study can be found below. In all cases Pierce ECL reagent was used as HRP

substrate.
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Species raised

Dilution used

i lier

Antibody in at Supp
Anti-CSRP2 Chicken 1:1000 Sigma
Anti-CSNK2A2 Goat 1:1000 Sigma
Anti-Sgg (Used )
to detect GskA) Mouse 1:1000 UpState
Anti-GAP-DH Mouse 1:1000 Sigma
Anti-GFP Mouse 1:10000 Roche
Anti-alpha Mouse 1:1000 Sigma
tubulin

A . c/o Prof. Annette
Anti-LimE Mouse 1:10 Miiller-Taubenberger
Anti~-HNRNP Mouse 1:1000 Sigma
Anti-GSK-38 Rabbit 1:1000 BD Biosciences

. . . c/o Prof. Annette
Anti-FttB Rabbit 1:10000 Miiller-Taubenberger
Anti-MLCKA Rabbit 1:2000 c/o Prof. John

Spudich

Anti-TalB Rabbit 1:2000 ¢/o Prof. Kei Inouye
Anti-SUPT16h Rabbit 1:1000 Sigma
Anti-Sod1 Rabbit 1:1000 Sigma
Anti-mouse Horse 1:10000 Vectalabs
Anti-rabbit Goat 1:10000 Vectal.abs
Anti-goat Horse 1:10000 Vectalabs

Table 2.1 List of antibodies used in this study

2.8 FACS sorting of Dictyostelium cells

FACS sorting of Dictyostelium cells was performed with the help of Kirsty Richardson

using the FACS Aria cell sorter from BD Biosciences. Following transformation, cells

designated for FACS analysis were not transferred to 96-well plates but were left to grow

in a 9cm dish. After approximately 2 weeks, when multiple colonies were visible, the

selective axenic media was aspirated and replaced with low fluorescent media (11g/L
Glucose, 0.68g/L KH,POs, 5g/L. Casein Peptone, 6.8mg/L NH4Cl, 37.1mg/L MGCl,,
1.Img/LL CaCl,, 8.11mg/L FeCl;, 4.48mg/l. Na,-EDTA, 2.30mg/LL ZnSOs, 1.11mg/L
H;BO;, 0.51mg/L. MnClI2.4H,0, 0.17mg/LCoCl;, 0.15mg/L. CuSOs.5H,O 0.1mg/L
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(NH4)6MO70,4.4H,0) (Formedium). 24 hours later cells were harvested and washed
twice in ice cold KK2 before being resuspended to a final volume of 107 cells/ml and
held on ice. Immediately prior to sorting, cells were passed through a sterile 40um cell
strainer (BD Biosciences) to prevent cell clumping. Cells were loaded into the FACS
Aria cell sorter and separated based on GFP fluorescence. Following sorting, cells were
centrifuged at 700 g, and resuspended in non-selective axenic media containing
Streptomycin sulphate and 1% heat killed E. coli. Cells were transferred to well of a 6-
well dish and allowed to recover.

After 24 hours, cells were transferred into 6x96 well plates in the presence of 40 pug/ml
G418. After approximately 2 weeks, multiple clones were selected and transferred into

individual wells of a 24 well plate for screening.

2.9 Mammalian LacZ Assay

LacZ assays were performed using the Beta-Glo system (Promega). Cells were cultured
to ~80% confluency before being seeded into 96 well plates at a density of 3X10°
cells/ml. 48 hours later, cells were lysed by the addition of 30ul Glo-lysis buffer
(Promega) and shaken at room temperature for 30 minutes. 30ul of Beta-Glo reagent was
the added to the cell lysate, which was shaken for a further thirty minutes at room

temperature before luminescence levels were assessed using the FluoStar Optima.

2.10 Mammalian Wst-1 Assay

Wst-1 assays were performed using the ‘Cell Proliferation Reagent WST-1" (Roche).
Cells were cultured to ~80% confluency before being seeded into 96 well plates at a
density of 3X10° cells/ml, reference wells containing media but no cells were included on
each plate. 24 hours later, cells were induced with Ong/ml, 5ng/ml, 10ng/ml, 20ng/ml,
40ng/ml, 60ng/ml, 80ng/ml or 100ng/ml doxycycline. Cells were incubated for 24 or 48
hours. 10ml of Wst-1 reagent was added to each well and plates were incubated for a
further hour. Absorbance readings at 450nm and 590nm were taken using the FluoStar

Optima.
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2.11 Kinase Assay

Dr William Ryves synthesized both the pre-phosphorylated and un-phosphorylated forms
of the GSM peptide substrate used in this study. The GSM peptide has the following
sequence — RRRPASVPPSPSLSRHSSHQRR where S indicates a phospho-serine

introduced during synthesis.

2.11.1 Dictyostelium kinase assay

Cells were seeded onto SM agar with Klebsiella aerogenes at a density of 10° cells/ml
and cultured for 48hours. Cells were then harvested and washed in KK2 to remove any
bacteria before being pelleted, frozen on dry ice and lysed (lysis buffer: 150mM NaCl,
50mM Tris, 0.5% NP-40, 10% glycerol supplemented with a Roche complete inhibitor
tablet). Samples were held on ice for 20 minutes before being centrifuged at 4000rpm and
being passed through a 0.2uM filter.

Samples were normalized based on their GFP fluorescence. Briefly, 50ul of neat lysate
and lysate diluted 1:2 and 1:4 were added in triplicate to a black-walled 96 well plate
with a series of GFP standards (Roche). Fluorescence levels were assessed using the
FluoStar Optima.

Lysates containing 35ug GFP were added to 20ul GFP-Trap coupled to agarose beads
(Chromotek) and incubated for 1 hour at 4°C. Beads were washed 3 times with kinase
buffer (150mM NaCl, 50mM Tris, 10% glycerol) and re-suspended in 400ul of kinase
buffer. 10ul of each bead suspension was added in triplicate to a black-walled 96 well
plate. (20ul of the bead suspension was removed to a separate tube, centrifuged to
remove buffer and re-suspended in 20ul NuPage bufter, boiled for 5 minutes and 10ul
was run on a 4-12% Bis-Tris gel for western blot to confirm equal loading.)

40ul of a master mix containing S0uM ATP, 12.5uM MgCl, and 425uM GSM substrate
was added to each well and samples were incubated at room temperature for 32 minutes.
Where activity was measured over a series of time points samples were incubated for 2,
4, 8, 16, 32 or 64 minutes. 50ul of Kinase-Glo reagent (Promega) was added directly to
the 96-well plate and was incubated at room temperature for a further 30 minutes.

Luminescence levels were assessed using the FluoStar Optima.
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2.11.2 Mammalian kinase assay

Cells were cultured to ~50% confluency in 4 xT180 flasks before being induced with
2ng/ml doxycycline for 24 hours. Cells were harvested, washed in PBS and 5x107 cells
were pelleted, frozen on dry ice and lysed (lysis buffer: 150mM NaCl, 50mM Tris, 0.5%
NP-40, 10% glycerol supplemented with a Roche complete inhibitor tablet). Samples
were held on ice for 20 minutes before being centrifuged at 4000rpm and being passed
through a 0.2uM filter.

Lysates were added to 20ul of GFP-Trap coupled to agarose beads (Chromotek) and
incubated for 1 hour at 4°C. Beads were washed 3 times with kinase buffer (150mM
NaCl, 50mM Tris, 10% glycerol) and re-suspended in 400ul of kinase buffer. 10ul of
each bead suspension was added in triplicate to a black-walled 96 well plate. 40ul of a
master mix containing 50uM ATP, 12.5uM MgCl; and 425uM GSM substrate was
added to each well and samples were incubated at room temperature for 2, 4, 8, 16, 32 or
64 minutes. 50ul of Kinase-Glo reagent (Promega) was added directly to the 96-well

plate and was incubated at room temperature for a further 30 minutes.

2.12 Dictyostelium Cell Sizing

Cells were grown to 80% confluency before being washed in KK2 and resuspended at a
density of 10° cells/ml. 30ul of each cell sample was transferred to a glass-bottomed
chamber slide (Lab-Tek) containing 1 ml axenic media and allowed to adhere for 30
minutes. 5 Timelapse images were taken 5 seconds apart using the Olympus IX71

inverted microscope with a 20x objective.

2.13 Dictyostelium Multinucleate Assay

Cells were cultured to 80% confluency before being washed in KK2 and re-suspended in
fresh axenic media at a density of 10° cells/ml. Cells were grown in shaking culture for
48 hour before being seeded onto 16mm glass coverslips, and allowed to adhere for 10
minutes. Coverslips were then washed in KK2 and fixed in methanol at -20°C for 4
minutes. Coverslips were then washed in KK2, and incubated with lug/ml 4°,6-

Diamidino-2-phenylindole dihydrochloride (DAPI) in water for 5 minutes. Coverslips
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were washed in water and mounted on slides using Mowiol. Images were taken using the
Olympus IX71 inverted microscope with a 20x objective. To ensure that data were not
biased, 25 images (creating a 5 by 5 grid) were taken at a time where only the initial field

of view is defined.

2.14 Dictyostelium Cell Proliferation Assay

To assess proliferation rates in shaking culture cells were cultured to 80% confluency
before being washed in KK2 and resuspended in fresh axenic media at a density of 10°
cells/ml. Cells were grown in shaking culture and samples were periodically removed and
counted in triplicate on a haemocytometer (3 separate samples of 10ul each, counted
once).

To assess proliferation rates on SM agar, cells were cultured to 80% confluency before
being washed in KK2 and re-suspended at 10° cells/ml. 1ul of cells was spotted onto an
SM agar plate spread with Klebsiella aerogenes. Each plate was prepared with 3 separate
repeats for each cell line and a total of 6 plates prepared. creating 18 repeats for each cell

line.

2.15 Dictyostelium Development assay

Cells were cultured to 80% confluency before being washed in KK2 and resuspended in
fresh KK2 at a density of 10° cells/ml. 12-well plates were prepared containing 200ul
non-nutirent KK?2 agar in each well. Iml of cells was seeded into each well and allowed
to adhere for 30 minutes before excess liquid was aspirated off. Timelapse images of
cells were taken every 5 minutes, under dark-field conditions using Olympus IX71
inverted microscope with a 4x objective. The availability of an automatic stage made it
possible to take multiple fields of view and as such 9 images, creating a 3 by 3 grid, were
taken for each sample. Images were processed using ImagelJ to create a ‘montage movie’

consisting of all 9 fields of view.
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2.16 Dictyostelium cAMP pulse assay

Cells were cultured to 80% confluency before being washed in KK2 and re-suspended in
fresh KK2 at a density of 10° cells/ml. 6-well plates were prepared containing 1ml of
non-nutirent KK2 agar in each well. 5ml of cells was seeded into each well and allowed
to adhere for 30 minutes before excess liquid was aspirated off. Timelapse images of
cells were taken every 30 seconds, under dark-field conditions using an Olympus IX71
inverted microscope with a 4x objective. The availability of an automatic stage made it
possible to take multiple fields of view and as such 9 images, creating a 3 by 3 grid, were
taken for each sample. Images were processed using ImageJ to create a ‘montage movie’

consisting of all 9 fields of view.
2.17 Affinity purifications

2.17.1 Dicytostelium affinity purifications

Non-crosslinked samples

Cells were seeded onto SM agar with Klebsiella aerogenes at a density of 10° cells/ml
and cultured for 48hours. Cells were harvested and washed in KK2 to remove any
bacteria before being resuspended in fresh KK2 at a density of 10% cells/ml and cultured
in shaken suspension for 4 hours. After 4 hours, 50ml of each cell suspension was
pelleted and frozen on dry ice before being lysed in 10ml lysis buffer (150mM NaCl,
50mM Tris, 10% glycerol supplemented with a Roche complete inhibitor tablet).
Samples were incubated on ice for 20 minutes, centrifuged at 16,000rpm and passed
through a 0.2uM filter. 100ul of protein-G sepharose beads (GE Healthcare) covalently
bound to anti-GFP antibody (Roche)(at a concentration of 2mg/ml) were added to each
supernatant, these were incubated at 4°C for 1 hour. Beads were pelleted at 500g and
washed 3 times with wash buffer (150mM NaCl, 50mM Tris, 10% glycerol supplemented
with a Roche complete inhibitor tablet) before being resuspended in 50ul glycine (0.1M,
pH2.5). Samples were incubated for 5 minutes at room temperature before being
centrifuged at 500g. The supernatant was removed to a separate tube containing 7.5ul
Tris-HCI (1.5M, pH9.0). The elution process was repeated and 50ul of NuPage buffer

was added to each sample, which were then boiled. Samples were dried in a vacuum
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before being reconstituted with 20ul water and loaded onto a 4-12% Bis-Tris gel. This

gel was then stained with a colloidal coomassie stain (Invitrogen).

Cross-linked samples

Cells were prepared as before. However, following the step where cells were shaken in
KK2 for 4 hours, 50ml of each cell suspension was pelleted, re-suspended in 50ml 1%
Paraformaldahyde (in water) and incubated for 20 minutes. Cross-linking was quenched
by the addition of glycine (to a final concentration of 1.25mM) and a further incubation
of 5 minutes. Samples were then pelleted and washed twice in KK2 before being lysed in
10ml lysis buffer (150mM NaCl, 50mM Tris, 0.1% NP-40 and 10% glycerol
supplemented with a Roche complete inhibitor tablet). Samples were incubated on ice for
20 minutes, centrifuged at 16,000rpm and passed through a 0.2uM filter. 50ul of a GFP-
Trap coupled to agarose beads (Chromotek) were added to each supernatant, these were
incubated at 4°C for 1 hour. Beads were pelleted at 500g and washed 3 times with wash
buffer (150mM NaCl, 50mM Tris, 10% glycerol supplemented with a Roche complete
inhibitor tablet) before being resuspended in 50ul NuPage buffer. Samples were boiled at
95° for 5 minutes (this reversed the cross-linking) and loaded onto a 4-12% Bis-Tris gel
which was subsequently stained with a colloidal coomassie stain (Invitrogen).

Bands of interest were excised within a lamina flow-hood and shipped to the FingerPrints

Proteomics Facility at Dundee University for analysis (see below for details).

2.17.2 Mammalian affinity purifications

Pull-downs to confirm interaction with known binding partners

T-REx GSK38-GFP and T-REx GFP cells were cultured to 60% confluency in 9cm
dishes in media containing no antibiotics before being were transfected using TransFectin
lipid reagent (BioRad) as per the manufacturers instructions. Plasmids encoding FLAG-
Axinl (367-701), FLAG-Axin (367-701) L392P, Flag-FRAT and Flag-FRAT
K208A/E209Q were each separately transfected into both cell lines; 3ml of DNA-
TransFectin complexes (10ug plasmid DNA and 50ul TransFectin reagent each in 1.5ml
Optimem) was added and cells were left for 4 hours. After 4 hours the media was

aspirated off and replaced with antibiotic free media.
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24 hours later cells were induced with 2ng/ml doxycycline and incubated for a further 24
hours. Cells were then washed off the plate in 10ml PBS and were washed a further twice
in PBS before being pelleted and lysed in Sml of lysis buffer: 150mM NaCl, 50mM Tris,
0.5% NP-40, 10% glycerol supplemented with a Roche complete inhibitor tablet.
Samples were incubated on ice for 20 minutes, centrifuged at 4000rmp and passed
through a 0.2uM filter. 20ul of GFP-binder beads (Chromotek) were added to each
supernatant and were incubated at 4°C for 1 hour. Beads were centrifuged at 500g and
washed twice in wash buffer 1 (150mM NaCl, 50mM Tris, 10% glycerol supplemented
with a Roche complete inhibitor tablet), twice in wash buffer 2 (as wash buffer 1 but
300mM NaCl) and twice in wash buffer 3 (as wash buffer 1 but 600mM NaCl). Beads
were re-suspended in 50ul NuPage buffer and boiled for 5 minutes to release and
denature bound proteins. At each stage 100ul samples were taken and added to an equal

amount of NuPage buffer to be loaded for western blot analysis.

Non-crosslinked samples

T-REx GSK3B-GFP and T-REx GFP cells were cultured to 70% confluency before being
induced with 10ng/ml doxycycline for 4 hours. Cells were harvested and lysed in 10ml
lysis buffer (150mM NaCl, 50mM Tris, 10% glycerol supplemented with a Roche
complete inhibitor tablet). Samples were incubated on ice for 20 minutes, centrifuged at
16,000rpm and passed through a 0.2uM filter. 100ul of protein-G sepharose beads (GE
Healthcare) covalently bound to anti-GFP antibody (Roche)(at a concentration of
2mg/ml) were added to each supernatant, these were incubated at 4°C for 1 hour. Beads
were pelleted at 500g and washed 3 times with wash buffer (150mM NaCl, S0mM Tris,
10% glycerol supplemented with a Roche complete inhibitor tablet) before being
resuspended in 50ul glycine (0.1M, pH2.5). Samples were incubated for 5 minutes at
room temperature before being centrifuged at 500g. The supernatant was removed to a
separate tube containing 7.5ul Tris-HCI (1.5M, pH9.0). The elution process was repeated
and 50ul of NuPage buffer was added to each sample, which were then boiled. Samples
were dried in a vacuum before being reconstituted with 20ul water and loaded onto a 4-

12% Bis-Tris gel. This gel was then stained with a silver stain (GE Healthcare).
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Cross-linked samples

T-REx GSK38-GFP and T-REx GFP cells were cultured to 70% confluency before being
induced with 2ng/ml doxycycline for 24 hours. Cells were harvested and re-suspended at
a density of 107 cells/ml in 1% Paraformaldahyde (in PBS) and incubated for 20 minutes.
Cross-linking was quenched by the addition of glycine (to a final concentration of
1.25mM) and a further incubation of 5 minutes. Samples were then pelleted and washed
twice in PBS before being lysed in 10ml lysis buffer (150mM NaCl, 50mM Tris, 0.1%
NP-40 and 10% glycerol supplemented with a Roche complete inhibitor tablet). Samples
were incubated on ice for 20 minutes, centrifuged at 16,000rpm and passed through a
0.2uM filter. 50ul of GFP-binder beads (Chromotek) were added to each supernatant,
these were incubated at 4°C for 1 hour. Beads were pelleted at 500g and washed 3 times
with wash buffer (150mM NaCl, 50mM Tris, 10% glycerol supplemented with a Roche
complete inhibitor tablet) before being resuspended in 50ul NuPage buffer. Samples were
then boiled and loaded onto a 4-12% Bis-Tris gel which was subsequently stained with a

colloidal coomassie stain (Invitrogen).

2.18 SILAC

Cells were grown in custom-made DMEM (minus arginine and lysine; Pierce)
supplemented with 10% dialyzed fetal calf serum (Pierce) and 1%
penicillin/streptomycin, 12mg/ml blasticidin (both Invitrogen) and 300ug/ml hygromycin
(Roche). L -arginine (84 p g/ml) and L- lysine (146 p g/ml lysine) were added to the ‘light’
media, while L -arginine 13 C and L -lysine 13 C were added to the ‘heavy’ media at the
same concentrations (all Pierce). T-REx GSK3b-GFP cells were cultured in *heavy’ media
while T-REx GFP cells were cultured in ‘light’ media. Both cell lines were cultured for 8
cell doublings to ensure complete incorporation of isotopic amino acids [246, 247].

T-REx GSK3p-GFP and T-REx GFP cells were cultured to 50-60% confluency before
being induced with 2ng/ml and 0.4ng/ml doxycycline respectively for 24 hours. Cells
were harvested and washed twice in PBS before being resuspended in 10ml lysis buffer

(50mM NaCl, 10mM Tris, 0.5% NP-40 supplemented with a Roche complete inhibitor

tablet) and incubated for 20 minutes on ice. Samples were spun at 4000rpm for 15
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minutes before being passed through a 0.2uM filter. Total protein levels were measured
using the BCA protein quantification kit (Pierce). Samples containing 27mg total protein
were combined with 100ul GFP binder beads (Chromotek) and incubated at 4°C for 1
hour. Beads were spun briefly at 300g, washed once in PBS and re-suspended in 30ml
NuPage buffer. Beads were boiled for 3 minutes, NuPage buffer removed and shipped on

ice to Dundee Cell Products for analysis.

2.19 Mass Spectrometry Analysis
(Performed by FingerPrints Proteomics Facility)

2.19.1 In-gel digestion

Each gel slice was subjected to in-gel digestion with trypsin. The resulting tryptic
peptides were extracted by 1% formic acid, acetonitrile, lyophilized in a speedvac,

(Helena Biosciences) and resuspended in 1% formic acid.

2.19.2 LC-MS/MS

Trypsin digested peptides were separated using an Ultimate U3000 (Dionex Corporation)
nanoflow Liquid Chromatography (LC)-system consisting of a solvent degasser, micro
and nanoflow pumps, flow control module, UV detector and a thermostated autosampler.
10 pl of sample (a total of 2 pg) was loaded with a constant flow of 20ul/min onto a
PepMap CI18 trap column (0.3 mm id x 5 mm, Dionex Corporation). After trap
enrichment peptides were eluted off onto a PepMap C18 nano column (75 pm x 15 cm,
Dionex Corporation) with a linear gradient of 5-35% solvent B (90% acetonitrile with
0.1% formic acid) over 65 minutes with a constant flow of 300 nl/min. The HPLC system
was coupled to a Linear Trap Quadruple (LTQ) Orbitrap XL (Thermo Fisher Scientific
Inc) via a nano Electro-spray (ES) ion source (Proxeon Biosystems). The spray voltage
was set to 1.2 kV and the temperature of the heated capillary was set to 200°C. Full scan
MS survey spectra (m/z 335-1800) in profile mode were acquired in the Orbitrap with a
resolution of 60,000 after accumulation of 500,000 ions. The five most intense peptide
ions from the preview scan in the Orbitrap were fragmented by collision induced

dissociation (normalised collision energy 35%, activation Q 0.250 and activation time 30
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ms) in the LTQ after the accumulation of 10,000 ions. Maximal filling times were 1,000
ms for the full scans and 150 ms for the MS/MS scans. Precursor ion charge state
screening was enabled and all unassigned charge states as well as singly charged species
were rejected. The dynamic exclusion list was restricted to a maximum of 500 entries
with a maximum retention period of 90 seconds and a relative mass window of 10 ppm.
The lock mass option was enabled for survey scans to improve mass accuracy [248]. Data
were acquired using the Xcalibur software. Results were returned as two Mascot
searches, the entire NCBInr and of the NCBInr database selected for taxonomy

‘Dictyostelium discoideum’.

2.20 SILAC coupled Mass Spectrometry Analysis
(Performed by Dundee Cell Products Ltd)

2.20.1 Gel electrophoresis and in-gel digestion

Each sample was reduced in SDS PAGE loading buffer containing 10mM DTT and
alkylated in 50 mM iodoacetamide prior to being boiled and then separated by one-
dimensional SDS-PAGE (4-12% Bis-Tris Novex mini-gel, Invitrogen) and visualized by
colloidal Coomassie staining (Novex, Invitrogen). The entire protein gel lane was excised
and cut into 10 gel slices each. Every gel slice was subjected to in-gel digestion with
trypsin [249]. The resulting tryptic peptides were extracted by 1% formic acid,
acetonitrile, lyophilized in a speedvac, (Helena Biosciences) and resuspended in 1%

formic acid.

2.20.2 LC-MS/MS

Trypsin digested peptides were separated using an Ultimate U3000 (Dionex Corporation)
nanoflow Liquid chromatography (LC)-system consisting of a solvent degasser, micro
and nanoflow pumps, flow control module, UV detector and a thermostated autosampler.
10 ul of sample (a total of 2 ug) was loaded with a constant flow of 20ul/min onto a
PepMap C18 trap column (0.3 mm id x 5 mm, Dionex Corporation). After trap
enrichment peptides were eluted off onto a PepMap C18 nano column (75 um x 15 cm,

Dionex Corporation) with a linear gradient of 5-35% solvent B (90% acetonitrile with
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0.1% formic acid) over 65 minutes with a constant flow of 300 nl/min. The HPLC system
was coupled to a Linear trap quadropole (LTQ) Orbitrap XL (Thermo Fisher Scientific
Inc) via a nano electro spray (ES) ion source (Proxeon Biosystems). The spray voltage
was set to 1.2 kV and the temperature of the heated capillary was set to 200°C. Full scan
MS survey spectra (m/z 335-1800) in profile mode were acquired in the Orbitrap with a
resolution of 60,000 after accumulation of 500,000 ions. The five most intense peptide
ions from the preview scan in the Orbitrap were fragmented by collision induced
dissociation (normalised collision energy 35%, activation Q 0.250 and activation time 30
ms) in the LTQ after the accumulation of 10,000 ions. Maximal filling times were 1,000
ms for the full scans and 150 ms for the MS/MS scans. Precursor ion charge state
screening was enabled and all unassigned charge states as well as singly charged species
were rejected. The dynamic exclusion list was restricted to a maximum of 500 entries
with a maximum retention period of 90 seconds and a relative mass window of 10 ppm.
The lock mass option was enabled for survey scans to improve mass accuracy [248]. Data

were acquired using the Xcalibur software.

2.20.3 Quantification and Bioinformatic Analysis

Quantification was performed with MaxQuant version 1.0.7.4 [250], and was based on
two-dimensional centroid of the isotope clusters within each SILAC pair. To minimize
the effect of outliers, protein ratios were calculated as the median of all SILAC pair ratios
that belonged to peptides contained in the protein. The percentage variability of the
quantitation was defined as the standard deviation of the natural logarithm of all ratios
used for obtaining the protein ratio multiplied by a constant factor 100.

The generation of peak list, SILAC- and extracted ion current-based quantitation,
calculated posterior error probability, and false discovery rate based on search engine
results, peptide to protein group assembly, and data filtration and presentation was carried
out using MaxQuant. The derived peak list was searched with the Mascot search engine
(version 2.1.04; Matrix Science, London, UK) against a concatenated database combining
80,412 proteins from International Protein Index (IPI) human protein database version
3.6 (forward database), and the reversed sequences of all proteins (reverse database).

Alternatively, database searches were done using Mascot (Matrix Science) as the
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database search engine and the results saved as a peptide summary before quantification

using MSQuant (http://msquant.sourceforge.net/). Parameters allowed included up to
three missed cleavages and three labeled amino acids (arginine and lysine). Initial mass
deviation of precursor ion and fragment ions were up to 7 ppm and 0.5 Da, respectively.
The minimum required peptide length was set to 6 amino acids. To pass statistical
evaluation, posterior error probability (PEP) for peptide identification (MS/MS spectra)
should be below or equal to 0.1. The required false positive rate (FPR) was set to 5% at
the peptide level. False positive rates or PEP for peptides were calculated by recording
the Mascot score and peptide sequence length-dependent histograms of forward and
reverse hits separately and then using Bayes’ theorem in deriving the probability of a
false identification for a given top scoring peptide. At the protein level, the false
discovery rate (FDR) was calculated as the product of the PEP of a protein’s peptides
where only peptides with distinct sequences were taken into account. If a group of
identified peptide sequences belong to multiple proteins and these proteins cannot be
distinguished, with no unique peptide reported, these proteins are reported as a protein
group in MaxQuant. Proteins were quantified if at least one MaxQuant-quantifiable
SILAC pair was present. Identification was set to a false discovery rate of 1% with a
minimum of two quantifiable peptides. The set value for FPR/PEP at the peptide level
ensures that the worst identified peptide has a probability of 0.05 of being false; and
proteins are sorted by the product of the false positive rates of their peptides where only
peptides with distinct sequences are recognized. During the search, proteins are
successively included starting with the best-identified ones until a false discovery rate of
1% is reached; an estimation based on the fraction of reverse protein hits.

Enzyme specificity was set to trypsin allowing for cleavage of N-terminal to proline and
between aspartic acid and proline. Carbamidomethylation of cysteine was searched as a
fixed modification, whereas N-acetyl protein, and oxidation of methionine were searched

as variable modifications.
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Chapter 3

Characterization of GSK3B-GFP and

GskA-GFEP cell lines
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The primary objectives of this project were to characterize the role of GskA in
Dictyostelium and to establish whether protein binding, or scaffolding of GSK-3
represented a common mechanism by which GSK-3 activity could be compartmentalized
and directed towards specific substrates.

In this chapter I describe the generation and characterization of both Dictvostelium and T-
REx HEK 293 cell lines expressing GskA-GFP and GSK3-B-GFP fusion proteins that
will be used to facilitate those aims. I also describe the generation of a series of
Dictyostelium cell lines expressing GskA-GFP fusion proteins harbouring point
mutations that were used to further characterize the mechanisms by which GskA activity
is regulated. I demonstrate that cell viability is not affected by the levels of GSK-3 over-
expression used in this study, that cellular localization was not altered by the addition of a

GFP tag and that these GFP-fusion proteins were catalytically active.

3.1 Generation of Dictyostelium GskA-GFP cell lines

As described in Chapter 1, GskA is not essential for Dictvostelium cell viability, and gsk4
null cell lines have previously been generated in two different cell backgrounds [194.
195]. In this study, gsk4 null cells generated in an Ax2 background were used.

The plasmid pDXA GskA-GFP2, encoding a GskA-GFP fusion protein and conferring G-
418 resistance was electroporated into the gsk4 null cell line. This plasmid cannot
replicate and exist extra-chromosomally unless it is co-transfected with the plasmid
pREP. In the absence of the pREP plasmid, the pDXA GskA-GFP2 plasmid can only be
maintained through chromosomal integration [234]. This approach was used to ensure
stable expression from a single or low number of plasmid copies. Protein expression was
initially screened through observation of GFP fluorescence and subsequently by western
transfer, using as controls Ax2 and gsk4 null strains (Figure 3.1A). Clones expressing
GskA-GFP at endogenous, or close to endogenous levels were selected for further
analysis.

Point mutation of specific residues of GSK-3 has previously been used as a method to
characterize the role GSK3p in mammalian cells; mutation of Lys85 rendered the protein

catalytically inactive [251], mutation of Arg96 prevented GSK3p from interacting
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efficiently with its primed substrates [54, 55] and mutation of Tyr216 reduced the
catalytic activity of the protein [73]. (Figure 1.1 and Figure 1.2) As part of this study
analogous mutations were generated in Dictyostelium GskA in order to dissect the
functional role of GskA; Plasmids that encoded GskA-GFP fusion proteins that contained
a point mutation at Lys85 (K85R), Arg96 (R96E) or Tyr214 (Y214G) were each
electroporated into the gsk4 null cell line. Again, clones were initially screened for GFP
fluorescence and subsequently by western transfer (Figure 3.1B-E). The epitope
recognised by the antibody used to detect GskA in this study extended over the Y214
residue, and as such an additional western transfer was performed using an anti-GFP
antibody in order to accurately determine expression levels in the GskA-GFP Y214G cell
lines. The gskA-GskA-GFP clone-2 cell line was used as an additional control.

The GskA-GFP R96E cell lines generated in this study all demonstrated greatly elevated
levels of the GskA fusion protein compared to both wild type and other mutated GskA-
GFP fusions despite the plasmid being constructed from the same ‘parent’ plasmid
(Figure 3.1B). Sequencing of the GskA-GFP R96E plasmid did not reveal any indication
as to why expression was higher.

In an attempt to recover clones expressing GskA-GFP R96E at lower levels cell were
sorted using fluorescence activated cell sorting (FACS). heterogeneous populations of
cells transformed with either pPDXA GskA-GFP2 R96E or pDXA GFP2 (a plasmid
expressing GFP only) were cultured in low fluorescent media overnight before being
sorted into four arbitrary categories based on their levels of fluorescence (Figure 3.2).
These cells were then plated into 96-well plates at low density, such that one would
expect to recover individual colonies from one well in every ten. Very few GskA-GFP2
R96E expressing colonies were recovered using this method and those that were
recovered expressed high levels of the fusion protein. Cells transformed with the pDXA
GFP2 plasmid did yield the expected frequency of colonies and these colonies exhibited
the expected levels of fluorescence (and inferred protein expression) based on their
sorting, indicating that the FACS itself was not responsible for the low number of GskA-
GFP2 R96E expressing colonies recovered.

Those colonies expressing GskA-GFP2 R96E that were recovered following FACS

continued to express high levels of the protein. As such these cells were not used for
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further experiments as it was possible that the extended culturing and the stresses of the
FACS may have introduced new mutations. Instead. colonies from the original
transformations were used for further experiments.

The plasmid pDXA GFP2 was electroporated into both Ax2 and gsk4 null cell lines to be
used as controls for later experiménts. Individual clones were selected for GFP
florescence and where possible clones that expressed GFP at similar levels to the gskA-

GskA-GFP clone 2 were selected for further experiments (data not shown).
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3.2 Generation of T-REx GSK38-GFP cell lines

In order to express a Gsk3B-GFP fusion protein in mammalian cells the plasmid
pcDNAS/FRT/TO GSK-3B-GFP was co-transfected with pOG44 into the Flp-In T-REx
HEK 293 host cell line (Figure 2.1). This resulted in the integration of a cassette
encoding a tetracycline-inducible-GSK33-GFP fusion protein into the genome via an
FRT site (Figure 3.3). Integration into this FRT site resulted in a loss of Zeocin resistance
and LacZ expression but conferred hygromycin B resistance to the resulting cell line. A
control cell line that expressed GFP alone was generated by co-transfecting
pcDNAS/FRT/TO GFP with pOG44 into the Flp-In T-REx HEK 293 host cell. Clones of
each cell line were selected for their ability to express GSK38-GFP or GFP alone
following induction with doxycycline (a tetracycline derivative) and for the loss of LacZ
expression (Figures 3.3 and 3.4). TREx GSK3B-GFP clone 3 and TREx GFP clone 2
were selected for use in further experiments.

Several factors were considered when thinking about the levels of GSK3p-GFP
expression to use in this study: high levels of expression may have led to GSK3B-GFP
forming non-specific interactions within the cell and the identification of GSK3p’s
inclusion in non-physiologically relevant protein complexes. However for the purposes of
identifying binding partners, ‘reasonable’ levels of expression were required. As such, a
titration was performed to ascertain the appropriate induction concentration, such that the
level of GSK3B-GFP expressed in the cells matched the level of endogenous expression
of GSK3p (Figure 3.5). Initial pull-down experiments were performed following 4 hours
induction with 10ng/ml doxycycline (see Chapter 5). However, in hindsight 4 hours was
probably insufficient time for the fusion protein to be translated, correctly folded and
incorporated into GSK3B-containing protein complexes. Later experiments used cells
induced for 24 hours with 2ng/ml doxycyclin (Figure 3.5).

Wst-1 assays were used to assess cell viability; Wst-1 is a tetrazolium salt that is cleaved
by mitochondrial dehydrogenases into formazan [252]. This reaction results in a colour
change from light to dark red. The amount of formazan produced directly correlates with
the number of metabolically active cells in a population. Therefore, by treating cells with

Wst-1 and measuring the amount of formazan produced it was possible to make
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