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Abstract 

PakB is a p21-activated kinase that phosphorylates and activates class I myosins in 

the social amoeba Dictyostelium discoideum. PakB co-localizes with myosin-I to actin-

rich regions of the cell, including macropinocytic cups and the leading edge of migrating 

cells. Here we show that the cellular localization of PakB depends on the N-terminal 

region which contains an actin filament binding module and two proline-rich motifs that  

interact with the SH3 domain of actin-binding protein 1 (dAbp1).  dAbp1 co-localized 

with PakB to actin-rich sites, but in PakBˉ (PakB null) cells dAbp1 adopted a diffuse 

cytosolic distribution. Overexpression of dAbp1 in PakBˉ cells produced SH3 domain-

dependent defects in early development, cell polarization and chemotaxis. We conclude 

that PakB plays a critical role in regulating the cellular functions of the dAbp1 SH3 

domain. 

PakBˉ cells exhibited a disrupted cortical actin layer and were extremely sensitive to 

external stresses induced by compression and electroporation. PakBˉ cells showed severe 

chemotaxis defects when forced to migrate under agarose.  The defects were rescued by 

expression of full-length PakB but not an N-terminal fragment of PakB. The results 

suggest that loss of PakB kinase activity is responsible for the cortical defects. 

Immunoblot analysis showed that phosphorylation of MyoD at the TEDS site was 

significantly reduced in PakBˉ cells.  We propose that activation of myosin-I motor 

activity by PakB plays a critical role in stabilizing the cortical actin cytoskeleton. 

D. discoideum myosin-II heavy chain kinase A (MHCK-A) is a member of the alpha-

kinase family.  Competition experiments with Mant-ADP showed that MHCK-A bound 
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ATP with Ki values of 18 and 160 µM in the presence and absence of Mg
2+

, respectively.  

ADP and AMP bound 3-fold and 9-fold more weakly than ATP, respectively. The results 

show that Mg
2+

 and the nucleotide phosphoryl groups substantially contribute to binding. 

Mutations of residues in the Pi-pocket and N/D-loop reduced the binding affinity for 

MgATP, showing that both regulatory sites are coupled to the active site.  

Phosphorylation of SPOT peptide arrays with MHCK-A revealed a consensus sequence 

of T-φ/K-φ/K-K/R and showed also phosphorylation of non-Thr-containing peptides. 
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction  

Myosins are eukaryotic motor proteins that interact with actin filaments to generate 

force and drive various types of cell movement (1-3). Myosins play important roles in a 

broad range of functions including cell motility, the generation of cortical tension, 

endocytosis, phagocytosis, muscle contraction, vision and hearing. Myosin heavy chains 

consist of distinct head, neck, and tail domains and have been grouped into 18 different 

classes based on phylogenetic analysis of their conserved heads.  Our understanding of 

the cellular functions of the diverse myosin superfamily has been greatly aided by the use 

of simple model systems.  In this thesis we describe studies using the social amoeba 

Dictyostelium discoideum that provide new insights into the mechanisms that regulate the 

activity of the single-headed, monomeric class I myosins (myosin-I) and the conventional 

two-headed, filament-forming class II myosins (myosin-II). Two chapters describe 

studies on a D. discoideum p21-activated kinase (PakB) that phosphorylates and activates 

myosin-I. A third chapter describes biochemical studies on myosin-II heavy chain kinase 

A (MHCK-A), a member of the atypical alpha-kinase family that inhibits myosin-II 

contractile activity by promoting the disassembly of bipolar filaments.   
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1.2 Dictyostelium discoideum  

1.2.1 Overview of D. discoideum  

D. discoideum, a member of the Amoebozoa, is a highly motile organism that is 

widely used as a model system to study basic aspects of differentiation, signal 

transduction, phagocytosis, cytokinesis and cell motility (4-6).  D. discoideum amoeba 

can crawl over surfaces at a rate of 10-20 µm per minute, engulf particles by 

phagocytosis, take up fluids by pinocytosis and rapidly change shape by extending and 

retracting pseudopods. The life cycle of D. discoideum places it at the crossroads between 

unicellular and multicellular life (7). As long as food is available, D. discoideum grow 

and divide as free-living amoeba. However, once nutrients are depleted, the amoebae 

embark upon a multicellular developmental program (Fig. 1.1) The amoeba chemotax in 

response to secreted cAMP to form aggregates consisting of 100,000 or more cells.  The 

aggregates develop into a multi-cellular slug and eventually into a fruiting body 

consisting of a ball of spores that are resistant to harsh conditions supported by a stalk of 

dead cells (Fig. 1.1). The whole life cycle, from amoeba to fruiting body, takes about 24 

hours to complete. 

1.2.2 Advantages of D. discoideum as a model system for chemotaxis 

D. discoideum has a relatively small haploid genome (34 Mb) that contains a total of 

13,433 coding sequences (8). Analyses of the genomes of D. discoideum and the related 

species D. fasciculatum, D. purpureum and Polysphondylium pallidum show that the 
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Fig. 1.1 The D. discoideum life cycle.  

During vegetative growth, when food is plentiful, unicellular amoebae divide into 

two daughter cells by cytokinesis. Upon starvation, amoebae secrete cAMP, which acts 

as a chemoattractant and results in the formation of aggregates or mounds.  A multi-

cellular slug is formed that can move towards the light.  Development culminates in the 

formation of a fruiting body consisting of a stalk composed of dead cells supporting a 

mass of viable spores (From Wikipedia).  
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social amoeba split from the evolutionary tree before the divergence of plants (9,10). 

Many cytoskeletal and signalling proteins present in D. discoideum are highly conserved 

in fungi and animals, thus supporting the view that studies on D. discoideum are relevant 

to other motile organisms, including mammalian cells. 

D. discoideum is amenable to a broad range of genetic and biochemical approaches. 

Genes can be disrupted with high efficiency by recombination between an introduced 

DNA fragment and the homologous of gene of interest (11,12).  Plasmids are available to 

express GFP- and RFP-tagged proteins for live cell imaging studies and for inducible 

protein expression using the “Tet-On/Tet-Off” system (13-15).  Axenic laboratory strains 

of D. discoideum are available that allow hundreds of grams of cells to be grown in 

suspension on inexpensive media at room temperature (16).  Endogenous or expressed 

proteins can thus readily be purified in amounts sufficient for detailed biochemical 

characterization. 

The value of D. discoideum as a model system is further enhanced by dictyBase, a 

central curated resource for gene and protein information (17). Dictybase also holds a 

large collection of D. discoideum mutant cell lines and plasmids that are provided to 

researchers free of charge.  

1.3 The Myosin Superfamily 

Myosins are motor proteins that use the energy derived from hydrolysis of ATP to 

move along actin filaments (1,18). Myosins are characterized by a highly conserved 

motor domain that binds ATP and actin and is responsible for powering movement. The 
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motor domain is linked to an alpha-helical neck region that binds light chains belonging 

to the calmodulin family of proteins.  In the presence of the light chains, the neck acts as 

a rigid lever arm to amplify and transmit the conformational changes that occur in the 

motor domain (19). The conserved myosin motor-neck region is linked to a divergent C-

terminal tail that mediates specific interactions with membranes, organelles and proteins. 

The D. discoideum genome encodes 13 different myosin heavy chain genes: seven class I 

myosins, one conventional class II myosin, two class V myosins and three orphan 

myosins (MyoG, MyoI and MyoM) that do not readily fit into any known class (20).  

1.4 D. discoideum Myosin-II 

Class II myosins (myosin-II) are distinguished by the presence of a long, rod-like α-

helical coiled-coil tail.  The myosin-II monomer therefore consists of two heavy chains, 

two regulatory light chains and two essential light chains (Fig. 1.2A).  D. discoideum 

myosin-II is composed of a 240 kDa heavy chain, an 18 kDa essential light chain and a 

16 kDa regulatory light chain (21-23). Monomeric myosin-II is not functional in the cell. 

In order to generate a contractile force, 10-20 myosin-II monomers must assemble via 

their tails into bipolar filaments (Fig. 1.2B) (24-26). The bipolar filaments are then 

recruited into the cortical cytoskeleton, where the clustered myosin-II motor domains at 

each end of the filament pull on oppositely oriented actin filaments (27). Myosin-II 

filaments stiffen the cell cortex and allow cells to resist external forces, such as those 

generated during multicellular development (28,29). Interestingly, even myosin-II 



 

6 

 

filaments that lack motor activity can increase the stiffness of the cell cortex by cross-

linking actin filaments (30).   

1.5 Myosin-II Heavy Chain Kinases  

 In cells, the assembly of myosin-II monomers into functional bipolar filaments is 

tightly regulated both temporally and spatially (31,32). For example, myosin-II filaments 

transiently assemble at the cleavage furrow of dividing cells, where they generate the 

contractile force that separates the two daughter cells (33-35). During chemotaxis, 

myosin-II filament assembly occurs primarily at the sides and rear of the cell (36). Once 

myosin-II is assembled into filaments its motor activity can be enhanced 6-fold by 

phosphorylation of the regulatory light chain by a myosin light chain kinase (MLCK-A) 

(31,32). 

Assembly of D. discoideum myosin-II into filaments is regulated by phosphorylation 

of the tail (37-40). Our laboratory identified and purified a D. discoideum myosin-II 

heavy chain kinase (MHCK-A) that disassembles bipolar filaments by phosphorylating 

three sites (Thr1823, Thr1833 and Thr2029) in the myosin-II tail (Fig. 1.2B) (41-44). 

Phosphorylation of these sites introduces a bend into the myosin-II tail that blocks 

filament assembly (45).  The overexpression of MHCK-A, or mutation of the three Thr 

residues in the myosin-II tail to Asp, severely inhibits myosin-II filament assembly and 

produces a myosin-II null phenotype characterized by defects in cytokinesis, cell 

migration and early development (25,46-48).  
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Fig. 1.2 Structure of myosin-II.   

(A) Myosin-II is a hexamer composed of two heavy chains, a pair of regulatory light 

chains (RLC) and a pair of essential light chains (ELC). The heavy chain consists of an 

N-terminal motor domain, a neck region that binds the light chains and an α-helical tail 

that dimerizes to form a rod-like coiled-coil. (B) Interactions between the tails assemble 

myosin-II into bipolar filaments. Phosphorylation of three threonine residues in the tail 

by MHCK-A-D induces a bend in the tail and causes active bipolar filament to 

disassemble into inactive monomers. Dephosphorylation of the myosin-II tail is catalyzed 

by protein phosphatase 2A (PP2A).  
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Fig. 1.3 Domain structure of MHCKs and eEF2K.  

MHCKs consist of an alpha-kinase domain that phosphorylates Thr residues in the 

myosin-II tail and a C-terminal WD-repeat motif domain that binds myosin-II filaments. 

MHCK-A and MHCK-D have an N-terminal α-helical coiled-coil domain. eEF2K 

consists of a Ca
2+

-calmodulin binding motif, an alpha-kinase domain and a C-terminal 

SEL1-repeat domain that contains an eEF2 binding site.  The percent sequence identity 

with the alpha-kinase domain of MHCK-A is indicated.  MHCK-A and eEF2K are 

activated by the autophosphorylation of a site in the linker region C-terminal to the kinase 

domain (green circles).  
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 MHCK-A consists of an N-terminal α-helical coiled-coil domain, a central 

catalytic domain that belongs to the alpha-kinase family and a C-terminal WD repeat 

domain (Fig. 1.3) (42,49). The coiled-coil domain assembles MHCK-A into oligomers, 

binds actin filaments and is responsible for the translocation of MHCK-A to actin-rich 

regions of the cell such as the leading edge (42,50,51). The C-terminal WD-repeat 

domain binds directly to myosin-II filaments and is needed for efficient phosphorylation 

of myosin-II in vitro and in vivo (52).  

Three other D. discoideum α-kinases, MHCK-B, MHCK-C and MHCK-D, have 

structures and functions closely related to MHCK-A (Fig. 1.3) (53). MHCK-B and 

MHCK-C phosphorylate the same sites in the myosin-II tail as MHCK-A, but localize to 

different regions of the cell (54-56).  In migrating cells, MHCK-A localizes to the leading 

edge, MHCK-B distributes homogeneously in the cytoplasm and MHCK-C localizes to 

the rear of the cell (55,57-59).  The results show that the MHCKs function in a 

cooperative manner to regulate myosin-II filament assembly.  

1.5.1 MHCK-A is a Member of the Alpha-Kinase Family 

 MHCK-A is the founding member of the alpha-kinases, a novel family of protein 

kinases that share no detectable sequence homology to conventional eukaryotic protein 

kinases (CPKs) (42,60,61).  Members of the alpha-kinase family exist in a wide variety 

of protozoa, fungi and animals but are absent from plants. D. discoideum expresses six 

alpha-kinases: the four MHCKs; AK1 which contains an N-terminal Arf-GAP domain 

and VwkA, which contains a von Willebrand factor A (vWFA) domain.  No information 
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is available on the cellular functions of AK1 but VwkA plays a role in regulating the 

periodic contractions of the contractile vacuole, an organelle that maintains osmotic 

homeostasis by expelling excess water (62,63). Mammals express six alpha-kinases: 

Transient Receptor Potential Melastatin 6 and 7 (TRPM6 and TRPM7), eukaryotic 

Elongation Factor-2 Kinase (eEF2K) and Alpha Protein Kinases 1-3 (ALPK1-3) (64). 

1.5.2 Structure of A-CAT, the alpha-kinase domain of MHCK-A  

The X-ray crystal structure of the MHCK-A alpha-kinase domain (A-CAT, residues 

552-841) reveals that it has an N- and C-terminal lobe connected and supported by a long 

central α-helix (αC) (Fig. 1.4) (65). The C-lobe contains a tightly bound zinc atom that is 

crucial for the stability of the alpha-kinase domain. The nucleotide is bound in a cleft 

located at the interface between the two lobes. Three Mg
2+

 ions are associated with A-

CAT: M1 is bound to the nucleotide, M2 is located in a pocket adjacent to the active site 

and M3 is coordinated by the N/D-loop, so-called because it contains an invariant 

Asp/Asn residue. We have proposed that M3 induces a conformational change in the N/D 

loop that regulates the ability of substrates to access the active site (65). Another 

important regulatory site in the C-lobe contains a molecule of inorganic phosphate (Pi) 

and is termed the PI-pocket.  A-CAT activity is largely abolished if any of the key Pi-

binding residues in the Pi-pocket (Lys684, Arg734 and Thr736) are mutated to alanine. 
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Fig. 1.4 Crystal structure of A-CAT.    

The N-terminal lobe of A-CAT is shown in blue, the central α-helix (αC) and the 

returning extended sequence are colored cyan and the N-terminal lobe is colored red. The 

ATP molecule in the active site cleft is shown in stick representation. The three bound 

Mg
2+

 ions (M1-3), the zinc atom and the phosphate molecule (Pi) are shown as spheres. 

The N- and C-terminus are indicated by N and C, respectively.  
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1.5.3 A Novel Catalytic Mechanism for the Alpha-Kinases  

 Although the catalytic domains of the alpha-kinases and CPKs share no sequence 

homology, they have remarkably similar active sites.  Counterparts for nearly all of the 

key catalytic residues in the CPK active site can be identified in the alpha-kinase domain. 

It might therefore be expected that the alpha-kinases and CPKs employ similar catalytic 

mechanisms to transfer the γ-phosphate of ATP to the protein substrate. It is well 

established that CPKs, such as the cAMP-dependent protein kinase (PKA), catalyze a 

direct in-line transfer of the γ-phosphate to the substrate without forming a 

phosphoenzyme intermediate (66-68). It was therefore surprising to find that an invariant 

Asp in the A-CAT active site (Asp766) is phosphorylated in the crystal structure (65). 

The aspartylphosphate is exposed to solvent within a cavity adjacent to the active-site, 

raising the possibility that the -phosphate of ATP is transferred first to Asp766 and then 

onto the protein substrate. 

A-CAT crystallized in the presence of ATP has either ADP or AMP in the active site 

(65). CPKs can hydrolyze ATP to ADP but have not been reported to hydrolyze ADP to 

AMP.  The identification of AMP in the active site provides further evidence that A-CAT 

exhibits catalytic properties distinct from those of the CPKs. 

MHCK-A exhibits a strong preference to phosphorylate Thr residues.  Replacement 

of Thr with Ser in a peptide substrate reduces phosphorylation rates by 10-100-fold (69-

72). MHCK-B, MHCK-C and eEF2K also selectively phosphorylate Thr residues, but 

VwkA and TRPM7 phosphorylate both Ser and Thr (69,71). 
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1.5.4 Activation of MHCK-A by autophosphorylation and the Pi-pocket   

Incubation of MHCK-A with MgATP results in the autophosphorylation of multiple 

sites and a concomitant 50-fold increase in kinase activity (73). The key activating site of 

autophosphorylation is Thr825, which is located in the flexible linker sequence that 

connects the alpha-kinase domain to the WD-repeat domain (Fig. 1.3) (74).  A-CAT 

truncated at residue 809 (A-CAT-ΔTail) is inactive, but can be re-activated by the 

addition of Pi, phosphothreonine or a phosphorylated peptide based on the Thr825 

sequence. We have proposed that phosphorylation of Thr825 activates A-CAT by 

providing a covalently tethered ligand for the Pi-pocket (74). 

 

 Mammalian eEF2K 

eEF2K shuts down protein synthesis by phosphorylating and inhibiting eEF2, a 

GTPase that catalyzes the translocation step of peptide-chain elongation on the ribosome 

(75). Activation of eEF2K limits energy consumption, inhibits apoptosis and induces 

autophagy. These processes help cells to survive stresses such as nutrient depletion and 

hypoxia, but also promote the growth and survival of cancer cells (76,77).  

 eEF2K contains a calmodulin binding motif, an α-kinase domain and a SEL1-repeat 

domain that binds eEF2 (Fig. 1.3) (78). The α-kinase domain of eEF2K shares 40% 

sequence identity with A-CAT and exhibits a similar peptide substrate specificity (69). 

The Pi-pocket is conserved in eEF2K and an activating autophosphorylation site in the C-

terminal linker region (Thr348) has been identified (79-81).  The comparable domain 
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structure and the conserved nature of the alpha-kinase domain raises the possibility that 

eEF2K evolved from the MHCKs by replacement of the WD-repeat domain with the 

SEL1-repeat domain.  

1.6 Myosin-I  

Class I myosins are monomeric single-headed myosins that are present in a broad 

range of eukaryotic organisms. D. discoideum expresses seven myosin-I heavy chains 

(MyoA-F and MyoK). MyoA, MyoE and MyoF have a short C-terminal tail that consists 

mainly of a tail homology 1 (TH1) domain (Fig. 1.5A).  MyoB, MyoC and MyoD have a 

long tail comprised of a TH1 domain, a domain rich in glycine, proline and alanine or 

glutamine (GPA/Q domain) and a C-terminal SH3 domain. MyoK is a divergent class I 

myosin that has a GPA/Q-like insert within the motor domain, a very short neck region 

and a tail that is only 38 residues in length (31). 

The light chain for MyoA and MyoE is calmodulin, whereas three unique proteins, 

MlcB, MlcC and MlcD, serve as the light chains for MyoB, MyoC and MyoD, 

respectively. MlcD is 17 kDa in size and has four EF-hand motifs, but has lost the ability 

to bind Ca
2+

 (82). MlcB and MlcC are 8 kDa in size and are the first examples of small 

light chains that consist of only two EF-hand motifs. MlcB has a high affinity for Ca
2+

, 

whereas MlcC is unable to bind to Ca
2+

 (83).  Although mammalian Myosin-Is that 

contain calmodulin light chains often exhibit a Ca
2+

-regulated motor activity, no Ca
2+

-

dependent regulation of MyoA, MyoB and MyoE has yet been identified.  
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Fig. 1.5 Domain structure of D. discoideum class I myosins and PAKs.  

(A) D. discoideum expresses seven class I myosins. MyoA, E and F have a short tail, 

MyoB, C and D have a long tail and MyoK is an atypical class I myosin with no tail but 

with a GPA/Q-like sequence inserted into the motor domain. The TEDS site residue in 

the motor domain is indicated.  (B) PakA, PakB and PakC share similar PBD and kinase 

domains (percent sequence identity with PakB is indicated) but have divergent N-

terminal sequences.  The PakA N-terminal region contains a coiled-coil domain, whereas 

PakC has a pleckstrin homology (PH) domain.  The extreme C-terminus of PakC contains 

a motif that binds Gβγ subunits.  



 

16 

 

1.6.1 Cellular Functions of Myosin-I  

The positively charged TH1 domain binds acidic phospholipids and targets myosin-I 

to cell membranes. The TH1 domains of MyoD, MyoE and MyoF specifically bind PIP3, 

whereas MyoB binds PIP3 and PIP2 with similar affinities (84,85). Myosin-I often 

functions to bridge cell membranes and organelles to the actin cytoskeleton. By 

generating force at the actin-membrane interface, myosin-I controls the mechanical 

properties of the cell membrane and drives cellular events that require membrane 

deformation or movement (86,87). 

D. discoideum cells that lack one or more myosin-I isozyme have defects in 

endocytosis, macropinocytosis, phagocytosis and vesicle trafficking (88-91). 

Micropipette aspiration experiments show that loss of myosin-I isozymes reduces cortical 

tension by 50% (92,93). Membrane tension plays an important role in generating a 

retraction force to pull the trailing edge of the cell forward and is needed to suppress the 

extension of pseudopods along the sides and rear of the cell.  Consequently, cells that 

lack myosin-I isozymes extend more lateral pseudopods during migration, turn more 

frequently and have a lower directionality (94,95). While the loss of a single myosin-I 

isozyme impairs cellular processes, the defects become increasingly more severe when 

two or three myosin-I isozymes are lost.  The results show that individual myosin-I 

isozymes have unique functions that cannot be compensated for by other isoforms but 

that they also function in a cooperative manner to drive some motile processes.  
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1.6.2 Additional Functions of Long-tailed Myosin-I 

The GPA/Q domain binds to actin filaments in a nucleotide-independent manner and, 

together with the nucleotide-sensitive actin-binding site in the myosin-I head, enables the 

long-tailed myosin-I isozymes to cross-link and contract actin filament networks (96-98).  

The SH3 domains of MyoB and MyoC bind to CARMIL, a scaffold protein that 

forms a complex with Capping Protein (CP) and the Arp2/3 complex (99).  CARMIL 

promotes actin filament assembly by activating the Arp2/3 complex and by releasing CP 

from the fast growing barbed end of the actin filament (100,101).  

Studies on mammalian cells have identified other mechanisms by which myosin-I 

may promote actin filament assembly. Myo1b enhances Arp2/3-mediated actin assembly 

within the Trans-Golgi Network by moving actin filaments backwards from the 

membrane to spatially facilitate the addition of new G-actin monomers (102,103). Myo1c 

binds and transports G-actin to the leading edge of migrating endothelial cells where it 

can be added to the growing end of an actin filament (104).  

1.6.3 TEDS Site Phosphorylation Activates Myosin-I 

Early studies found that the actin-activated ATPase activity of Acanthamoeba 

myosin-I was dependent on the phosphorylation of a site in the motor domain (105,106). 

The site of phosphorylation was named the TEDS site based on a sequence alignment of 

myosin motor domains that showed it to be always occupied by Thr (T), Glu (E), Asp (D) 

or Ser (S) (107). Myosins that have Asp or Glu at the TEDS site are constitutively active, 

whereas myosins that have a Ser or Thr at the TEDS site must be phosphorylated to 
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exhibit motor activity (108,109). All seven D. discoideum myosin-I isozymes have Ser or 

Thr at the TEDS site (20).  

The TEDS site is located within a surface loop that forms part of the binding 

interface with actin (110). Studies using a MyoD motor domain construct show that a 

negative charge at the TEDS site stabilizes complex formation with actin and promotes 

the actin-activated release of ADP and Pi from the active site (109).  Mutation of the 

TEDS site to Ala abolishes the functions of MyoB in vivo (111,112).  Similarly, the 

cellular functions of Myo3p and Myo5p, budding yeast class I myosins, require TEDS 

site phosphorylation (113).  In contrast, the essential role of the class I myosin MYOA in 

the hyphal growth of the filamentous fungi Aspergillus nidulans is independent of motor 

activity (114). Possible functions for MYOA include linking actin filaments to the plasma 

membrane or forming SH3-domain mediated protein complexes. 

1.7 Myosin-I Heavy Chain Kinase  

1.7.1 Phosphorylation of the TEDS Site by p21-Activated Kinases (PAKs) 

PAKs are members of the CPK superfamily that contain a p21-binding domain (PBD) 

that specifically interacts with the active forms of the small GTPases Cdc42 and Rac 

(115). PAKs are divided into the group I PAKs, (PAK1-3) which are activated by binding 

Rac or Cdc42, and the group II PAKs (PAK4-6), which bind but are not activated by 

Cdc42 (116,117). As key downstream effectors for Rac and Cdc42, group I PAKs play a 

central role in maintaining and remodeling cytoskeletal structures in many organisms 

(115,118). Group I PAKs phosphorylate a wide variety of downstream effector proteins 
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and also participate in a large number of protein-protein interactions.  Most notably, 

group I PAKs are directly coupled to the PIX family of guanine-nucleotide-exchange 

factors (119). 

The PBD of group I PAKs overlaps with an autoinhibitory domain (AID) that 

suppresses the activity of the kinase domain. In the off state PAK1 dimerizes, so that the 

AID of one subunit crosses over to block the active site of the second subunit (120). The 

binding of activated Cdc42/Rac leads to a series of conformational changes that induce 

the AID to dissociate from the catalytic domain, resulting in active monomeric PAK1 that 

autophosphorylates to gain full kinase activity (121). 

1.7.2 Structure and Regulation of PakB 

Our laboratory showed that D. discoideum MyoD is phosphorylated at the TEDS site 

by a group I PAK that can be activated by mammalian Cdc42 and Rac (122,123). This 

protein kinase, PakB, is one of four D. discoideum group I PAKs (PakA-D) (124). Of 

interest, the class I myosins in budding yeast and Acanthamoeba are also phosphorylated 

and activated by group I PAKs (125,126). PakB consists of an N-terminal region rich in 

proline residues, a PBD that overlaps with an AID, a flexible linker sequence and a 

Ser/Thr kinase domain (Fig. 1.5B).  In addition to recognizing the active GTP-bound 

forms of mammalian Cdc42 and Rac, the PBD of PakB binds D. discoideum Rac1a/b/c, 

RacA, RacB, RacC and RacF1 (127). 

Gel filtration experiments show that PakB, in contrast to mammalian PAK1, is a 

monomer in the off state (122).  This result suggests that inactive PakB adopts a folded 
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conformation in which the N-terminal AID suppresses the activity of the PBD and kinase 

domains via an intramolecular interaction. Activation of PakB takes places in two distinct 

steps. The first step, which occurs in the absence of external activators, involves the 

intermolecular autophosphorylation of Ser8 (123,128).  Autophosphorylation of Ser8 

enhances binding of PakB to Rac GTPases and increases kinase activity 40-fold, 

indicating that it destabilizes an inactive folded state of PakB.  In the second step of 

activation, active Cdc42/Rac or acidic phospholipids such as phosphatidylserine and PIP2 

induce PakB to autophosphorylate up to 10 additional sites, resulting in a 10-15-fold 

increase in activity (123,128). These autophosphorylation sites have not been mapped, 

but one key site is likely to be a conserved threonine (Thr724) in the activation loop.  

Autophosphorylation of the homologous residue in PAK1 (Thr423) greatly increases 

kinase activity and renders PAK1 insensitive to autoinhibition (129).  

PakB is also regulated by Ca
2+

-calmodulin (128). The binding of Ca
2+

-calmodulin to 

PakB inhibits activation by acidic phospholipids but not by Cdc42/Rac1. The binding site 

for Ca
2+

-calmodulin on PakB remains to be identified.  

1.7.3 Cellular Functions of PakB 

PakBˉ cells grow at a slightly slower rate than wild-type cells, but exhibit no 

serious defects in pinocytosis, phagocytosis or development (127). In cAMP gradients 

PakBˉ cells chemotax at a rate similar to wild-type cells but are less polarized and extend 

more lateral pseudopods (130). The relatively mild defects exhibited by PakBˉ cells are 
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not consistent with a complete loss of myosin-I function, showing that other D. 

discoideum protein kinases must be able to phosphorylate and activate myosin-I. 

PakB localizes to dynamic actin-rich extensions of the plasma membrane, 

including macropinocytic and phagocytic cups, pseudopods and the leading edge of 

migrating cells (127).  This localization is mediated by the N-terminal region of PakB. 

Removal of residues 1-335 abolishes the cortical localization of PakB and results in a 

diffuse cytosolic distribution in cells.  On the other hand, mutants that lack the kinase 

domain (PakB-∆C) or PBD and linker regions (PakB-∆PL) form dot-like aggregates that 

associate tightly with the cortical actin cytoskeleton and accumulate at the posterior of 

migrating cells. Overexpression of the constitutively active PakB-∆PL causes severe 

defects in cytokinesis and phagocytosis (127,131).  

1.7.4 PakA and PakC  

PakA and PakC share a similar PBD and kinase domain with PakB but otherwise are 

highly divergent (Fig. 1.5B). PakA binds Rac1a and RacB and PakC binds RacB, so both 

are potentially activated by the same upstream signaling pathways as PakB (130,132,133). 

Whether PakA and PakC are able to phosphorylate the myosin-I TEDS site remains to be 

tested. In general, though, the substrate specificity of PAKs are well conserved (134).  

One group has reported that PakA-null cells have no detectable defects (133), 

whereas a second group finds that PakA-null cannot complete cytokinesis in suspension, 

arrest at the mound stage of development and extend more lateral pseudopods, make 

more wrong turns and move at half the speed of wild-type cells during chemotaxis (132).  
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These defects are similar to those exhibited by myosin-II null cells and, indeed, PakA co-

localizes with myosin-II to the rear of locomoting cells and the cleavage furrow of 

dividing cells and promotes myosin-II filament assembly (132).  The results suggest that 

PakA may function as an upstream inhibitor of the MHCKs. In response to cAMP 

stimulation, PakA is phosphorylated and activated by Akt/PKB (135).   

PakC contains a PH domain that binds strongly to PIP2 but not to PIP3, and a short C-

terminal sequence that binds the Gβγ subunits of heterotrimeric G proteins (Fig. 1.5B) 

(130). Both the PH domain and Gβγ binding sequence are required for PakC to be 

activated in response to cAMP stimulation and to translocate to the plasma membrane. 

PakC-null cells chemotax at a speed similar to WT cells, but are less polarized and 

produce multiple lateral pseudopods (130).  Cells lacking both PakB and PakC exhibit 

strong chemotaxis defects with some loss of polarity and a very severe loss of speed, 

suggesting that the two PAKs may cooperate to regulate myosin-I activity (130).  

1.8 Chemotactic Signaling Networks  

Chemotaxis involves three distinct and separable processes (136-138). First is 

directional sensing, which allows cells to determine the direction of the chemoattractant 

gradient.  Second is pseudopod extension, which moves the cell towards the attractant. 

Third is polarization of the actin cytoskeleton which allows cells to move rapidly and 

with a high degree of directionality. In fast moving cells such as D. discoideum and 

neutrophils, actin filament polymerization is localized to the front of the cell where it 

provides the force needed to push the leading edge forward.  Myosin-II filaments 
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assemble along the sides and at the back of the cell to generate a contractile force that 

prevents lateral pseudopod extension and retracts the cell posterior.  

1.8.1 Directional sensing  

Studies on D. discoideum have been instrumental in uncovering the signaling 

pathways activated by chemoattractants (139-143). D. discoideum sense cAMP by means 

of a cell-surface receptor termed cAR1 that is coupled to the activation of a 

heterotrimeric G protein. One of the earliest events downstream of cAR1 is the activation 

of the small GTPase RasG, which cooperates with Gβγ subunits to recruit and activate 

phosphatidylinositol 3’ kinase (PI3K) (144-146). PI3K phosphorylates PIP2 to generate 

PIP3 at the leading edge, whereas PTEN, a lipid phosphatase that converts PIP3 to PIP2, 

delocalizes from the leading edge due to its affinity for PIP2 but remains bound at the side 

and back of the cell, where it prevents PIP3 accumulation (147-149). The reciprocal 

spatial relationship of PI3K and PTEN produces a steep intracellular gradient of PIP3 

from the front to the back of the cell. 

D. discoideum mutants that cannot produce PIP3 retain the ability to chemotax in 

gradients of cAMP, showing that alternative directional sensing pathways exist (150).  

One alternative pathway involves Phospholipase A2 (PLA2), which cleaves 

phospholipids to produce arachidonic acid. Chemotaxis to cAMP is dramatically 

impaired in D. discoideum cells that lack both PLA2 and PI3K activity, showing that the 

two pathways work in parallel (151,152). A third chemotaxis signaling pathway involves   
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Fig. 1.6 Signaling pathways activated by cAMP at the leading edge.  

Binding of cAMP to the cAR1 receptor leads to the activation of at least three 

downstream signaling pathways that direct actin filament assembly at the leading edge. 

Activation of PakB at the leading edge by Rac GTPases would promote myosin-I motor 

activity to move actin filaments along the membrane. Long-tail myosin-I isozymes can 

directly influence actin filament assembly via their interaction with CARMIL. 
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a complex composed of two RasGEFs, Aimless and RasGEFH, protein phosphatase 2A 

(PP2A) and Sca1, a scaffold protein (153). This complex translocates to the leading edge 

where it activates RasC, which in turn activates the TORC2 complex (154,155). TORC2 

phosphorylates and activates PKB, which can phosphorylate a large number of signaling 

proteins (156). Disruption of the TORC2-PKB signaling pathway causes severe cell 

polarity defects, reduced chemotactic speeds and directionality and prevents activation of 

adenylyl cyclase. 

1.8.2 Pseudopod Extension 

The chemotactic signaling pathways lead to the activation of Rac GTPases at the 

leading edge of cells (Fig. 1.6).  Gβγ subunits also signal through ElmoE, which 

associates with Dock-like GEFs, to activate Rac (Fig. 1.6) (157). RacB is a key 

downstream effector of these pathways, since cAMP-mediated actin polymerization is 

severely inhibited in RacB-null cells (158).Once activated, RacB binds to and activate 

WASP and WAVE/Scar, which in turn stimulate the Arp2/3 complex to nucleate the 

formation of branched actin filaments and drive the extension of the leading edge 

pseudopod (159,160). The TORC2-PKB pathway also promotes actin filament assembly 

(154,156).  

As mentioned above, RacB and PKB directly regulate PAK family kinases (Fig. 1.6). 

Notably, RacB is a potential activator of PakB, which co-localizes with myosin-I at the 

leading edge of migrating cells (84,85,127,161). PakB-mediated activation of myosin-I 

could be involved in linking actin filaments to the plasma membrane, moving 
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components such as the Arp2/3 complex along actin filaments towards the leading edge, 

sliding actin filaments relative to the plasma membrane, or generating a force to bend the 

plasma membrane (86).  

1.8.3 Signaling pathways that regulate myosin-II filament assembly  

Cell polarization depends on the localized assembly of myosin-II filaments at the 

sides and back of the cell.  Myosin-II filament formation at the leading edge may be 

blocked by MHCK-A, which is targeted to the actin-rich anterior of the cell by its coiled-

coil actin filament-binding domain (57). MHCK-C is targeted to the rear of migrating 

cells by its WD-repeat domain, where it may control the cyclical contraction and 

relaxation phases of myosin-II (58,162). Dephosphorylation of the myosin-II tail is a 

prerequisite for assembly of myosin-II into the cytoskeleton and force production. This 

process is catalyzed by protein phosphatase 2A (PP2A), which consists of a catalytic C 

subunit, a scaffold A subunit and a regulatory B subunit (phr2AB) (163,164). 

Several signaling pathways that inhibit or promote myosin-II filament assembly have 

been identified, but direct connections to the MHCKs or PP2A have not yet been made 

(Fig. 1.7).  Phosphorylation of the myosin-II heavy chain is potently inhibited by cGMP, 

which is produced in response to cAMP stimulation by a soluble guanylyl cyclase (165-

167). In addition to promoting myosin-II filament assembly, cGMP enhances myosin-II 

motor activity by activating MLCK-A to phosphorylates the regulatory light chain 

(155,167)  As mentioned above, PakA promotes myosin-II filament assembly by a 

mechanism that remains to be defined (132).  
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Fig. 1.7 Signaling pathways that regulate myosin-II activity 

The signaling pathways that active the Phg2 protein kinase and RasB increase myosin-II 

heavy chain phosphorylation to favour formation of inactive myosin-II monomers. These 

pathways are opposed by the PakA and cGMP pathways, which inhibit myosin-II heavy 

chain phosphorylation to promote filament assembly. RasGEFQ and RasB form a 

complex with MHCK-A, but it is not known whether the other signaling pathways 

regulate MHCKs or the PP2A phosphatase. cGMP also activates MLCK-A activity, 

which increases myosin-II motor activity by phosphorylating the regulatory light chain. 
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Myosin-II heavy chain phosphorylation is increased by the small GTPase Rap1, 

which activates the Phg2 protein kinase (168-170), and by RasGEF Q, which activates 

RasB (171).  RasGEF Q and RasB form a complex with MHCK-A that promotes 

translocation of MHCK-A to the cell cortex to phosphorylate myosin-II.  

Much work remains to fully understand the signaling networks that regulate myosin-I 

and myosin-II activity in the cell. In this thesis we provide further insights into the 

functions of PakB in the regulation of myosin-I activity and into the catalytic and 

regulatory properties of MHCK-A. 

1.9 Hypotheses and Objectives 

1.9.1 Function of PakB in cell motility  

D. discoideum provides one of the most important model systems for understanding 

the molecular mechanisms that underlie fundamental motile processes such as 

chemotaxis and phagocytosis. The class I myosins are motor proteins that drive 

movement of actin filaments along cellular membranes and play a central role in many 

motile processes.  Our laboratory discovered that PAK family kinases phosphorylate and 

activate myosin-I motor activity in vitro, and that PakB co-localizes with myosin-I to 

actin-rich regions at the leading edge of migrating cells. Surprisingly, though, PakBˉ cells 

were found to exhibit only minor defects in processes such as pinocytosis, phagocytosis 

and chemotaxis that depend on myosin-I motor activity. We therefore hypothesized 

that PakB localizes specific regions of the cell to regulate myosin-I function in a 
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subset of specialized motile processes.  The overall objectives of this part of my thesis 

were: 

1. To search for binding partners involved in localizing PakB to actin-rich sites such 

as the leading edge of chemotaxing cells.  

2:  To determine whether any cellular functions dependent on myosin-I are disrupted 

or impaired in PakBˉ cell lines. 

1.9.2 Analysis of the substrate binding properties of A-CAT  

A-CAT provides a simple and well-characterized model in which to investigate the 

functions of the alpha-kinase family. Structural studies on A-CAT showed that the active 

site of A-CAT differs from other protein kinases and may employ a novel catalytic 

mechanism involving an aspartylphosphate intermediate.  We hypothesize that the 

nucleotide and peptide binding properties of A-CAT differ from those of 

conventional protein kinases.  The objectives of this part of my thesis were: 

1. To use fluorescent nucleotide analogs to characterize the nucleotide binding 

affinity of A-CAT and to determine whether the
 
N/D loop and Pi-pocket are allosteric 

sites that influence in nucleotide binding. 

2. To better characterize the peptide substrate specificity of A-CAT using peptide 

arrays.  
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Chapter 2 

PakB Binds to the SH3 domain of Dictyostelium Abp1 and Regulates its 

Effects on Cell Polarity and Early Development 

2.1 Abstract 

Dictyostelium p21-activated kinase B (PakB) phosphorylates and activates class I 

myosins.  PakB co-localizes with myosin-I to actin-rich regions of the cell, including 

macropinocytic and phagocytic cups and the leading edge of migrating cells. Here we 

show that residues 1-180 mediate the cellular localization of PakB. Yeast two-hybrid and 

pull-down experiments identified two proline-rich motifs in PakB-1-180 that directly 

interact with the SH3 domain of Dictyostelium actin-binding protein 1 (dAbp1).  dAbp1 

co-localizes with PakB to actin-rich regions in the cell.  The loss of dAbp1 did not affect 

the cellular distribution of PakB but, conversely, the loss of PakB caused dAbp1 to adopt 

a diffuse cytosolic distribution for dAbp1. Co-sedimentation studies showed that the N-

terminal region of PakB (residues 1-70) binds directly to actin filaments, whereas dAbp1 

exhibits only a low affinity for filamentous actin. PakB-1-180 significantly enhanced the 

binding of dAbp1 to actin filaments. When overexpressed in PakBˉ cells, dAbp1 

completely blocked early development at the aggregation stage, prevented cell 

polarization and significantly reduced chemotaxis rates. The inhibitory effects were 

abrogated by the introduction of a function-blocking mutation into the dAbp1 SH3 

domain. We conclude that PakB plays a critical role in regulating the cellular functions of 

the dAbp1 SH3 domain.  
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2.2 Introduction 

The class I myosins are monomeric single-headed molecules that function at the 

interface between cell membranes and the actin cytoskeleton (86).  Class I myosins 

consist of a conserved motor domain that interacts with actin filaments to generate force, 

a neck region that binds light chains and a tail that contains a tail homology 1 (TH1) 

domain that binds acidic phospholipids.  The tails of some class I myosins are longer and 

have, in addition to the TH1 domain, a TH2 domain that binds actin filaments and a Src 

homology 3 (SH3) domain.  The highly motile social amoeba Dictyostelium discoideum 

expresses seven class I myosins:  MyoA, MyoE and MyoF have short tails; MyoB, MyoC 

and MyoD have long tails and the atypical MyoK lacks a tail but contains a TH2-like 

insert in the motor domain.   The Dictyostelium myosin-I isozymes are implicated in a 

wide range of cellular functions, including endocytosis, macropinocytosis, phagocytosis, 

cortical tension generation, actin filament assembly and the formation and retraction of 

membrane projections (84,88,90-93,95,99). 

The motor activities of the Dictyostelium class I myosins are dependent on the 

phosphorylation of a serine or threonine residue at a position in the motor domain termed 

the TEDS site (88,107,109,112).  PakB, a member of the p21-activated kinase (PAK) 

family of serine/threonine protein kinases, can phosphorylate the TEDS site of MyoD, 

MyoK and, to a lesser extent, MyoB (122,123,131).  PakB contains a proline-rich N-

terminal region, a conserved p21-binding domain (PBD) that recognizes the active GTP-

bound forms of several Dictyostelium Racs and a C-terminal kinase domain (123,127).  
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The conversion of PakB from an inactive to an active state occurs in two distinct steps 

(128).  In the absence of allosteric effectors PakB autophosphorylates a single site, Ser-8, 

that increases kinase activity and allows the PBD to interact with activated Rac.  Binding 

of activated Rac then promotes the autophosphorylation of multiple additional sites and 

produces a further 10-fold increase in PakB activity.  PakB is also activated by acidic 

lipids in a reaction that is inhibited by Ca
2+

-calmodulin (128).  

In growth-phase Dictyostelium cells PakB co-localizes with myosin-I to dynamic 

actin-rich regions at the cell cortex, including macropinocytic and phagocytic cups and 

the tips of protruding pseudopods (127,131).  In starved Dictyostelium cells that elongate 

and chemotax in response to an extracellular cAMP gradient, PakB is enriched with 

myosin-I at the actin-rich leading edge (127). PakB null cells, like myosin-I null cells, 

lose polarity and extend multiple pseudopods during chemotaxis (130). However, the 

defects exhibited by PakB null cells are quite mild, suggesting that its loss is 

compensated for by other protein kinases (127,130).  There is evidence that PakC, which 

has an N-terminal region that contains a pleckstrin homology (PH) domain but shares 

very similar PBD and kinase domains with PakB, has overlapping functions with PakB in 

the regulation of polarity and chemotaxis (130).  

PakB is targeted to dynamic actin-rich regions of the cell cortex by its proline-rich 

N-terminal region (127).  In this report, we show that a short section of the N-terminal 

region of PakB mimics the cellular localization of the full-length protein.  We 

demonstrate that this N-terminal segment contains an actin filament binding module and 

two closely spaced proline-rich motifs that serve as docking sites for the SH3 domain of 
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Dictyostelium actin binding protein 1 (dAbp1).  dAbp1 binds class I myosins and plays 

an important role in regulating cell polarity and pseudopod formation during chemotaxis 

(131,172). dAbp1 is not needed for PakB to localize to dynamic actin-rich regions in the 

cell but, instead, PakB recruits dAbp1 to these sites and is required to control or restrict 

the activities of dAbp1.  The results support a model in which the PakB-dAbp1 complex 

plays a role in the regulation of class I myosins but show also that the interaction with 

PakB prevents dAbp1 from severely disrupting cellular processes needed for polarization, 

chemotaxis and early development. 

  



 

34 

 

2.3 Materials and Methods 

2.3.1 Cell Growth and Development  

Dictyostelium AX3 and JH10 strains were grown in tissue culture plates in HL5 

medium supplemented with 100 U/mL penicillin and 10 μg/mL streptomycin (16).  PakB 

null (PakBˉ) cells generated in the JH10 background have been described previously 

(127). dAbp1 null (dAbp1ˉ) cells, generated in the AX2 background, were a gift from Dr. 

T. Soldati (University of Geneva, Geneva, Switzerland) and were maintained in HL5 

supplemented with 5 µg/ml blasticidin (Life Technologies) (131). A pikA-/pikB-/pikC-

/pikF-/pikG-/pten- strain that cannot produce PIP3 was obtained for dictyBase (strain ID 

DBS0252654) (150). Cells expressing GFP or RFP fusion protein constructs were 

selected and maintained in HL5 supplemented with 5µg/ml blasticidin or 10 µg/ml G418 

(Life Technologies). Development was initiated by taking cells in the log phase of growth 

and suspending them in Development Buffer (DB: 5 mM KH2PO4, 5 mM Na2HPO4, 1 

mM CaCl2, 2 mM MgCl2, pH 6.5) at a final density of 1 x 10
7
 cells/mL. Cells were 

placed into 6-well cell culture plates and early development was imaged using a Zeiss 

Axiovert 100 inverted microscope equipped with Plan-Neofluar 5x/0.15, 10x/0.3 and 

20x/0.5 objectives.  To obtain sufficient cells for immunoblot analysis development was 

also carried out on Whatman #50 filters (173). 
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2.3.2 DNA Constructs and recombinant protein expression 

The dAbp1 coding sequence (GenBank: AY437927) was RT-PCR amplified from 

total RNA using the Expand High Fidelity PCR System (Roche Diagnostics) and cloned 

using the TOPO TA Cloning Kit (Life Technologies) (127).  An N-terminal RFP-dAbp1 

fusion protein construct was generated by cloning dAbp1 DNA into the pDbsrXP-mRFP 

expression vector (13).  N-terminal GFP-PakB fusion protein constructs were generated 

by cloning PakB coding sequence (GenBank: Y10158), generated by PCR, into the 

pDXA-GFP2 expression vector (15).  N-terminal glutathione-S-transferase (GST) fusion 

proteins and His-tagged proteins were generated by cloning DNA encoding dAbp1, 

dAbp1-237-313 and the SH3 domains of dAbp1 (residues 426-481), MyoB (residues 

1058-1105) and MyoC (residues 1128-1176) into the pGEX-4T (GE Healthcare) or 

pET28a (Novagen) plasmids.  Site-directed mutagenesis was carried out using the 

Stratagene QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies).  

Dictyostelium cells were transformed by electroporation as described (127).  Bacterial 

protein expression made use of BL21 (DE3) cells. Cells grown to an OD 600 nm of 0.6-

0.8 were induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a 

final concentration of 0.2 mM.  GST fusion proteins were purified using Glutathione 

Sepharose 4B beads (GE Healthcare) and His-tagged proteins were purified using His-

Bind Resin (Novagen).   

2.3.3 Yeast two-hybrid analysis 
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A bait plasmid was constructed by inserting a DNA fragment encoding amino acids 

1-187 of PakB in frame with the Lex202 DNA binding domain in the vector pEG202 

(174).  The bait plasmid was transformed into the S. cerevisiae reporter strain W303. 

Two-hybrid experiments were performed
 
by transforming the W303-bait strain with a 

pACT2 yeast two-hybrid cDNA library generated from size selected (0.5-5 Kb) RNA 

isolated from growth-phase Dictyostelium (kindly provided by Dr. A. Kuspa, Baylor 

College of Medicine, Houston, TX).  Interaction analysis was performed by growing 

transformants on selective minimal medium lacking leucine, histidine and adenine.  

Positive clones were re-screened for the activation of the -galactosidase reporter by 

liquid culture assay using standard protocols.  Library plasmids were extracted from 

positive yeast clones, separated from bait plasmids by transformation of DH5 cells and 

reintroduced into the W303 yeast strain together with the original bait plasmid or the 

control pEG202 plasmid to confirm interactions.  Inserts of plasmids that overcame these 

selective steps were sequenced.  Additional interaction assays were performed by cloning 

DNA encoding the dAbp1 SH3 domain into pACT2 (Clontech).    

2.3.4 Coimmunoprecipitation assays and western blots  

Dictyostelium cells were mechanically lysed using a 5 µm pore size Nuclepore 

membrane (Whatman).  Cells in lysis buffer (0.5 x PBS, 1 mM EDTA, 0.2% NP-40, 10% 

glycerol) supplemented with 1X Protease Inhibitor Cocktail (Sigma-Aldrich) were passed 

twice through the membrane, then were centrifuged at 15,000 x g for 30 min.  The 

resulting supernatants were incubated for 1 hour on ice with either an affinity purified 
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rabbit polyclonal antibody raised against GST-dAbp1, a rabbit polyclonal anti-PakB 

antibody (127) or monoclonal and polyclonal anti-GFP antibodies (Santa Cruz 

Biotechnology sc-9996 and EMD Millipore AB3080P).  Immune complexes were 

isolated by addition of 25 µl of Protein A Sepharose beads (Sigma-Aldrich) and washed 5 

times with lysis buffer.  Pull-down assays were performed by adding 20 µl of Glutathione 

Sepharose 4B beads and 20 µg of purified GST-SH3 domain to 1 mL of the supernatant 

fraction prepared from 4 x10
7
 cells.  After 1 hour on ice the beads were collected by 

centrifugation and washed 3 times with lysis buffer.  Samples were then boiled in 50 µl 

of 2 x SDS sample buffer, subjected to SDS-PAGE and transferred to Immobilon-P 

membranes (Millipore) for western blot analysis using the antibodies described above or 

an anti-GST antibody (GE Healthcare 27-4577-01).  Blots were incubated with goat anti-

rabbit and goat anti-mouse second antibodies coupled to horseradish peroxidase (Bio-Rad 

Laboratories) and visualized using Western Lightning Plus reagent (PerkinElmer). 

2.3.5 Actin cosedimentation assay  

Actin binding assays were performed using the Actin Binding Protein Spin Down 

Biochem Kit (Cytoskeleton Inc.) according to the manufacturer’s instructions.  GST-

PakB and dAbp1 proteins (2 to 4 µM) were incubated at room temperature for 10 min 

with or without 8.5 µM rabbit muscle actin in 50 mM KCl,10 µM CaCl2, 2 mM MgCl2, 1 

mM ATP, 65 mM Tris-HCl, pH 6.5 and 1X Protease Inhibitor Cocktail.  Experiments to 

measure the binding of GST-dAbp1 to actin contained 0.2 µM GST-dAbp1, 0 or 0.2 µM 

GST-PakB-1-120 and 0.2 µM GST.  Samples were centrifuged in a Beckman TLA 100 
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rotor at 100,000 x g for 30 min. The supernatants were removed and the pellets carefully 

washed in binding buffer and resuspended to the original volume in SDS gel sample 

buffer.  Equal volumes of the supernatants and pellets were resolved by SDS-PAGE.  

Gels were stained with Coomassie blue or processed for western blot analysis using an 

anti-GST antibody, then scanned using a densitometer to determine the amount of GST-

dAbp1 in the pellet. 

2.3.6 Cell Imaging and chemotaxis assays 

Immunofluorescence images were obtained for cells attached to glass coverslips after 

washing in 15 mM Na/KPO4 buffer, pH 6.5, fixation in ice-cold 95% methanol and 

permeabilization with 70% ethanol. After blocking with 20% normal goat serum (NGS) 

(Invitrogen), cells were incubated with primary antibodies in 20% NGS, washed 

extensively with PBS and incubated with goat anti-rabbit and anti-mouse antibodies 

coupled to Alexa Fluor 488 or Alexa Fluor 633 (Life Technologies).  To obtain 

aggregation competent cells for use in chemotaxis experiments, cells were shaken in DB 

at 150 rpm and pulsed with cAMP (final concentration of 200 nM) every 6 min for 4 to 7 

hours (175).  Aggregation competent cells were placed onto a coverslip and directionally 

stimulated using an Eppendorf Femtotip filled with 10 µM cAMP (175).  Fluorescence 

images were obtained using a Zeiss Axiovert 100 inverted microscope equipped with a 

Plan-Neofluar 40X/0.75 objective.  Chemotaxis in a stable cAMP gradient was examined 

by loading a 6 µL aliquot of aggregation competent cells (3 x10
6 

cells/mL) onto ibidi µ-

slides Chemotaxis 3D (ibidi, LLC).  After 30 min one reservoir on the slide was filled 
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with DB and the other with DB containing 100 nM cAMP.  Fluorescence images were 

captured using a Zeiss Axiovert 100 inverted microscope equipped with a Plan-Neofluar 

10x/0.3 objective. Migration tracks for 30 to 45 cells for each cell line were collected 

from at least three different µ-slides.  Speed and directionality were calculated over a 20 

minute period using ibidi Chemotaxis and Migration Tool 2.0.  Directionality, a measure 

of the linearity of the pathway, was calculated by dividing the Euclidean distance traveled 

in the direction of the cAMP gradient by the accumulated distance traveled. 
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2.4 Results 

2.4.1 Residues 1-180 target PakB to the cell cortex  

PakB consists of a proline-rich N-terminal region, a PBD domain, an unstructured 

linker region and a C-terminal kinase domain (Fig. 2.1A).  Previous work has shown that 

the N-terminal region is responsible for targeting PakB to dynamic actin-rich regions of 

the cell cortex, including macropinocytic and phagocytic cups, pseudopods and the 

leading edge of migrating cells (Supplemental Fig. S1A, B) (127). In order to further 

define the sites responsible for the cellular localization of PakB, we expressed PakB 

residues 1-276 and 1-180 in cells as GFP fusion proteins.  PakB-1-276 formed a small 

number of dot-like structures that accumulated at the rear of migrating cells (Fig. 2.1B; 

Supplemental video 1).  This behavior is reminiscent of PakB constructs that lack the 

PBD and linker regions (PakB-ΔPL) or the kinase domain (PakB-ΔC) and may be due to 

aggregation (127). In contrast, the cellular localization of PakB-1-180 mimicked that of 

PakB.  PakB-1-180 was enriched at the leading edge of migrating cells and transiently 

accumulated within macropinocytic cups (Fig. 2.1C and D; Supplemental Fig. S1C and 

S2 and videos 2 and 3). Truncation of residues 1-180 prevented PakB from localizing to 

actin rich regions of the cell (Fig. 2.1D). The results show residues 1-180 harbor the 

major determinants responsible for targeting PakB to the cell cortex.    
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Fig. 2.1 PakB-1-180 mimics the subcellular localization of PakB.  

(A) Dictyostelium PakB consists of a proline-rich N-terminal domain, a p21-binding 

domain (PBD) that recognizes Rac GTPases, an unstructured linker segment and a C-

terminal Ser/Thr protein kinase domain. The positions of PxxP motifs are indicated by 

black rings.  (B) Time course images of GFP-PakB-1-256 expressed in an aggregation-

competent AX3 cell migrating in a cAMP gradient.  (C,D) Time course images of GFP-

PakB-1-180 expressed in (C) an aggregation-competent AX3 cell migrating in a cAMP 

gradient and (D) in a growth-phase AX3 cell extending pseudopods and macropinocytic 

cups. (E) Time course images of GFP-PakB lacking residues 1-180 (GFP-PakB-Δ1-180) 

expressed in an AX3 cell. Arrows indicate the direction of migration.  (Bars, 10 µm). 
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2.4.2 PakB-1-180 binds the SH3 domain of dAbp1 

To identify proteins that bind to PakB-1-180, we used it as the bait in a yeast two-

hybrid screen of a Dictyostelium growth phase cDNA library.  A screen of a total of 1 x 

10
6
 independent

 
clones identified six interacting clones, all of which were verified by 

reintroduction of the rescued plasmids back into the W303
 
yeast strain originally used in 

the screen.  Three of the interacting clones encoded ribosomal proteins and three encoded 

fragments of dAbp1, the product of the abpE gene (dictyBase DDB_G0273447).  dAbp1 

consists of an N-terminal actin-depolymerizing factor homology (ADF-H) domain, a 

basic region (pI of 9.76) rich in glycine, proline and alanine residues, a highly acidic 

region (pI of 3.14) and a C-terminal SH3 domain (Fig. 2.2A). 

The interacting dAbp1 clones identified in the yeast two-hybrid assays were 

missing 100-200 base pairs at the 5 end, demonstrating that an intact ADF-H domain is 

not required to bind PakB-1-180.  Two-hybrid assays showed that the C-terminal SH3 

domain of dAbp1 was responsible for the interaction with PakB-1-180 (Fig. 2.2B).  This 

interaction was confirmed by carrying out pull-down assays using a GST-dAbp1-SH3 

domain fusion protein and lysates of Dictyostelium cells expressing GFP-PakB-1-180 

(Fig. 2.2C). As a control, pull down assays were also performed using a dAbp1 SH3 

domain containing a predicted function-blocking point mutation (Pro-474 to Leu) (99).  

This mutation abolished the interaction between the GST-dAbp1-SH3 domain and PakB-

1-180 (Fig. 2.2C)  
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Fig. 2.2 PakB-1-180 binds the dAbp1 SH3 domain.  

 (A) dAbp1 consists of an ADF-H domain, a segment rich in glutamine, proline and 

alanine (GPA) residues, a highly acidic region and an SH3 domain. The positions of 

PxxP motifs are indicated by black rings.  (B) Two-hybrid analysis was carried out using 

a a bait vector expressing PakB-1-180 (1-180) and a prey vector expressing the dAbp1 

SH3 domain (SH3) and empty bait or prey vectors (EV). The strength of the interaction 

was assessed quantitatively by liquid culture - galactosidase assay. (C) Pull-down assays 

were carried out using the GST-dAbp1-SH3 domain (SH3) or an inactive GST-dAbp1-

SH3 domain (P474L mutation; SH3 (P/L)) and lysates of cells expressing GFP-PakB-1-

180.  The whole cell lysate (WCL) and washed pellets were probed using an anti-GFP 

antibody. Coomassie blue (CB) was used to visualize the GST-SH3 domains in the 

pellets.  (D) Immunoblot analysis of AX3 cells harvested at different stages of 

development using an affinity purified rabbit polyclonal antibody to dAbp1. (E) Co-

immunoprecipitation of endogenous dAbp1 and PakB.  Immunoprecipitates were 

prepared from AX3 cell lysates using a control (Ctrl) or anti-dAbp1 antibody.  The WCL 

and washed immunoprecipitates were immunoblotted using anti-PakB and anti-dAbp1 

antibodies. Results from two experiments are shown. (F) Immunoprecipitates were 

prepared from lysates of cells expressing GFP-PakB-1-180 (1-180) using an anti-GFP 

antibody or a control (Ctrl) antibody. The WCL and washed immunoprecipitates were 

immunoblotted using antibodies to GFP and dAbp1. (G) Immunoprecipitates were 

prepared from cells expressing GFP-PakB-1-180 (1-180) or GFP-PakB-1-180ΔP (1-

180ΔP) using an anti-dAbp1 or a control (Ctrl) antibody.  The WCLs and washed 

immunoprecipitates were immunoblotted using antibodies to GFP and dAbp1. 
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In order to carry out immunoprecipitation experiments a rabbit polyclonal 

antibody was raised against GST-dAbp1.  Immunoblot analysis showed that the antibody 

detected a single band of ~66 kDa when used to probe Dictyostelium cell extracts (Fig. 

2.2D).  dAbp1 has a calculated molecular weight of 55.3 kDa, but the highly acidic 

region may cause it to electrophorese with a somewhat lower mobility. The level of 

expression of dAbp1 remained relatively constant throughout Dictyostelium development.  

Co-immunoprecipitation experiments carried out using the anti-dAbp1 antibody showed 

an interaction between endogenous dAbp1 and PakB (Fig. 2.2E).  GFP-PakB-1-180 and 

dAbp1 were also found to interact when immunoprecipitates were prepared using either 

the anti-dAbp1 antibody or an anti-GFP antibody (Fig. 2.2F and G). On the basis of these 

results, we conclude that dAbp1 binds via its SH3 domain to residues 1-180 of PakB. 

2.4.3 Mapping of the dAbp1 binding sites on PakB  

The 1-180 sequence of PakB contains seven PxxP motifs (P1 to P7) that could 

function as binding sites for the dAbp1 SH3 domain (Fig. 2.3A).  A PakB-1-120 

fragment, which contains all seven PxxP motifs, bound to the SH3 domain of dAbp1  

(Fig. 2.3B).  No interaction was detected between PakB-1-120 and the SH3 domains of 

the Dictyostelium class I myosins MyoB and MyoC (Fig. 2.3B).  The results suggest that 

the N-terminal region of PakB does not directly recruit class I myosins for 

phosphorylation by the kinase domain and also serve to demonstrate the specificity of the 

interaction between PakB-1-120 and the dAbp1 SH3 domain. 
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Pull down assays showed that single mutations resulting in disruption of the P1, 

P2, P3/4 or P5/6/7 PxxP motifs did not block the binding interaction between PakB-1-120 

and the dAbp1 SH3 domain.  When combinations of mutations were tested, it was found 

that disruption of the P2 motif (P64V) together with the overlapping P3/P4 motifs (P86R) 

was required to abolish binding (Fig. 2.3B).  A PakB-1-180 mutant containing the P64V 

and P86R substitutions (PakB-1-180ΔP) was expressed in Dictyostelium as a GFP fusion 

protein.  PakB-1-180ΔP did not co-immunoprecipitate with dAbp1, confirming that the 

interaction between the two proteins involves the direct binding of the dAbp1 SH3 

domain to the P2 and P3/4 motifs of PakB (Fig. 2.2G).   

Interestingly, dAbp1 contains a proline-rich sequence (residues 265-297) that 

shares a high degree of identity with the P2-P3/4 region of PakB (Fig. 2.3C).  This 

suggested that dAbp1 may contain an internal binding site for its SH3 domain.  Pull-

down assays were therefore carried out using GST-dAbp1-SH3 and either His-tagged 

full-length dAbp1or a His-tagged dAbp1-237-313 fragment.  Both full-length dAbp1 and 

the fragment containing the P2-P3/4-like sequence bound to the GST-dAbp1-SH3 

domain but not to GST alone (Fig. 2.3C). The results suggest that dAbp1 could form 

dimers via an SH3 domain-mediated interaction or, alternatively, adopt a folded 

conformation in which the SH3 domain binds intramolecularly to the P2-P3/4-like region. 

2.4.4 Localization of dAbp1 depends on PakB  

dAbp1 and PakB are both present in phagocytic cups and at the leading edge of 

migrating cells (127,131,172).  Immunofluorescence analysis showed that PakB-1-180   
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Fig. 2.3 Identification of two PakB binding sites for the dAbp1 SH3 domain. 

 (A) The N-terminal region of PakB contains seven PxxP motifs (P1 to P7; red 

underlined). (B) Pull-down assays were performed using GST fusion proteins containing 

the SH3 domains of dAbp1, MyoB or MyoC and lysates of PakBˉ cells expressing the 

indicated GFP-PakB constructs. PakB-1-120 containing both the P64V and P86 

mutations is designated PakB-1-120-ΔP. The cell lysates and washed pellets were 

subjected to immunoblot analysis using an anti-GFP antibody. GST-SH3 domains were 

visualized by Coomassie blue staining.  (C) dAbp1 contains a proline-rich sequence 

similar to the P2 to P3/4 region of PakB. (D) Pull-down assays were performed using 

GST (GST) or GST-dAbp1-SH3 (GST-SH3) and His-tagged dAbp1(His-dAbp1; left 

panel) or residues 237-313 of dAbp1 (His-237-313; right panel).  The washed pellets 

were visualized by Coomassie blue staining after SDS-PAGE.  
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and dAbp1co-localized to macropinocytic cups and the leading edges of pseudopods (Fig. 

2.4A).  To test whether PakB-1-180 is recruited to these actin-rich sites by dAbp1, PakB-

1-180ΔP was expressed in cells. Surprisingly, the loss of the dAbp1 binding sites did not 

prevent recruitment of PakB-1-180ΔP to the leading edge of developed migrating cells 

and to macropinocytic cups in growth phase cells (Fig. 2.4B, upper panels).  Similarly, 

GFP-PakB-1-180 localized to the leading edge and macropinocytic cups in dAbp1-null 

cells (Fig. 2.4B, lower panels) (131).  The results show that PakB-1-180 does not require 

dAbp1 to be targeted to actin rich sites at the cell cortex.   

We next examined the possibility that PakB is required to localize dAbp1.  In 

agreement with previous results, RFP-dAbp1 was enriched at the leading edge of 

developed migrating wild-type cells (Fig. 2.4C, upper panels; Supplemental video 4) 

(172). However, in migrating PakBˉ cells RFP-dAbp1 was diffusely distributed in the 

cytosol (Fig. 2.4C lower panels; see also Fig. 2.6C and Supplemental video 5). The 

mislocalization of dAbp1 is not due to the absence of filamentous actin, since the actin-

binding domain of ABP-120 (ABD), which serves as a marker for actin filaments, 

localized to the cortex and pseudopods of PakBˉ cells (Supplemental Fig. S3) (176).  

Moreover, the expression of PakB-1-180 restored the ability of dAbp1 to localize to the 

cortex of PakBˉ cells (Fig. 2.4D).  The role of PakB in mediating the cellular localization 

of dAbp1 was further tested by expressing the constitutively active PakB-ΔPL, which 

mislocalizes to the rear of migrating cells (127).  When expressed in PakBˉ cells, PakB-

ΔPL recruited dAbp1 to the cell posterior (Fig. 2.4E). We conclude that the interaction 

with PakB plays a crucial role in dictating the cellular location of dAbp1.  
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Fig. 2.4 Co-localization of PakB and dAbp1.   

(A) AX3 cells expressing GFP-PakB-1-180 were fixed and stained using antibodies 

against dAbp1 and GFP.  The overlay shows staining for GFP in green and dAbp1 in red.  

(B) Images of GFP-PakB-1-180ΔP expressed in PakBˉ cells (top panels) and GFP-PakB-

1-180 expressed in dAbp1-null cells (bottom panels). Migrating developed cells are 

shown in the first two panels and growth phase cells with macropinocytic cups are shown 

in the final panel.  (C) RFP-dAbp1 was imaged in a developed migrating AX3 cell (top 

panels) and PakBˉ cell (bottom panels).  (D) Expression of GFP-PakB-1-180 in a PakBˉ 

cell restores the cortical localization of RFP-dAbp1.  (E) Expression of constitutively 

active GFP-PakB-ΔPL, which mislocalizes to the rear of migrating cells, results in 

recruitment of RFP-dAbp1 to the cell posterior. Arrows indicate the direction of 

migration.  Bars, 10 µm. 
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2.4.5 PakB binds actin filaments  

The experiments described above leave unanswered the question as to the 

mechanism that targets PakB-1-180 to actin-rich regions of the cell.  Experiments using a 

Dictyostelium strain that lacks the genes encoding for phosphatidylinositol 3 kinases 

(PI3Ks) and PTEN, and so cannot produce phosphatidylinositol trisphosphate (PIP3), 

showed that PIP3 was not required to recruit PakB-1-180 to the cell cortex (Supplemental 

Fig. S4) (150).  Next, the requirement for filamentous actin was examined by treating 

cells with Latrunculin A, an inhibitor of actin filament assembly.  Latrunculin A caused 

PakB-GFP to dissociate from the cell cortex and adopt a diffuse cytoplasmic distribution 

within a few minutes (Fig. 2.5A).  This result suggested that the N-terminal region of 

PakB may interact with actin filaments. 

The binding of GST-PakB-1-120 to filamentous actin was examined using an in vitro 

co-sedimentation assay.  When centrifuged in the presence of actin filaments GST-PakB-

1-120, but not GST (included as an internal control), was depleted from the supernatant 

(Fig. 2.5B, left panel). Because GST-PakB-1-120 and actin electrophorese with the same 

mobility on SDS gels, recovery of GST-PakB-1-120 in the pellet was confirmed by 

immunoblot analysis using an anti-GST antibody (Fig. 2.5B, right panel). The 

immunoblot also showed that a proteolytic fragment of GST-PakB-1-120, ~35 kDa in 

size, co-sedimented with actin (Fig. 2.5B). Base on its size, this fragment likely contains 

only the N-terminal 60-70 residues of PakB.  In agreement with this result, GST-PakB-1-

58 was able to bind to actin filaments, albeit more weakly than PakB-1-120 (Fig. 2.5C).   
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Fig. 2.5 The PakB N-terminus binds actin.  

 (A) Time course images showing the redistribution of PakB-GFP to the cytoplasm 

following addition of Latrunculin A (5 µM) at time 0. Bar, 10 µm. (B, C) Actin filament 

co-sedimentation experiments were performed using (B) GST-PakB-1-120 (1-120) and 

(C) GST-PakB-1-58 (1-58).  Samples were centrifuged at 100,000 x g for 30 minutes and 

the resulting supernatants (S) and pellets (P) were subjected to SDS-PAGE and stained 

with Coomassie blue (B, left panel; C) or probed with an anti-GST antibody (B, right 

panel).  Note that GST-PakB-1-120 and actin have the same mobilities on SDS-PAGE. 

(D) Images of developed migrating PakBˉ cells expressing GFP-PakB-1-58, GFP-PakB-

1-79 or GFP-PakB-68-180. Arrows indicate the direction of migration.  Bars, 10 µm. (E) 

Actin filament co-sedimentation experiments were performed with GST-dAbp1 in the 

presence or absence of GST-PakB-1-120 (1-120).  Samples were centrifuged at 100,000 x 

g for 30 minutes and the resulting supernatants (S) and pellets (P) were subjected to SDS-

PAGE and stained with Coomassie blue. (F) The percentage of GST-dAbp1 that 

cosedimented with actin in the presence () or absence (○) of 5 µM GST-PakB-1-120 

was quantified by densitometry of Coomassie-blue stained SDS gels. Results show the 

mean and standard deviation for three independent experiments. 
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Removal of residues 1-68 from PakB-1-180 resulted in a construct (GFP-PakB-

68-180) that had a diffuse cytoplasmic distribution in cells (Fig. 2.5D). PakB-1-58 

exhibited a very weak enrichment at the leading edge, whereas PakB-1-79 localized well 

to the leading edge (Fig. 2.5D).  Taken together, the results indicate that an actin binding 

module comprised of residues ~1-70 is responsible for the localization of PakB to actin-

rich regions in the cell.   

The failure of dAbp1 to localize to actin-rich sites in the PakBˉ cells prompted us 

to examine its ability to bind actin filaments using a co-sedimentation assay.  Only a 

small fraction of GST-dAbp1 was recovered in the actin filament pellet, indicating that 

the ADF-H domain is not sufficient to mediate a strong interaction between dAbp1 and 

filamentous actin (Fig. 2.5E).  The addition of GST-PakB-1-120 strongly enhanced the 

binding of GST-dAbp1 to filamentous actin (Fig. 2.5E and F).  The binding of GST-

dAbp1 to actin was too weak to accurately determine a binding constant, but in the 

presence of an equimolar amount of GST-PakB-1-120 a Kd value of 1.1 ± 0.4 µM was 

obtained.  We propose that the actin-associated PakB-1-120 is able to interact with the 

SH3 domain of dAbp1, and thus serves to enhance the association of dAbp1 to actin 

filaments.  

2.4.6 PakB regulates dAbp1 activity in cells 

The overexpression of dAbp1 in Dictyostelium amoeba has been reported to delay 

early development, including cell elongation, streaming and aggregate formation, by 

several hours (172).  We confirmed this phenotype using JH10 cells.  Wild-type JH10 
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cells streamed and formed aggregates after 7 hours of starvation, whereas JH10 cells 

expressing RFP-dAbp1 (dAbp1
OE

 cells) took 11 hours to elongate and 13-15 hours to 

form streams and aggregates (Fig. 2.6A and B).  We next examined how the expression 

of RFP-dAbp1 influences early development in PakBˉ cells, which stream and form 

aggregates with a time course equivalent to the parental JH10 cells (Fig. 2.6A).  

Interestingly, expression of RFP-dAbp1 completely blocked early development in PakBˉ
 

cells (Fig. 2.6B). These cells failed to elongate when placed in starvation buffer and did 

not stream or form aggregates.  After 14 hours of starvation, some small clumps of 

PakBˉ/dAbp1
OE

 cells were visible, suggesting that they may develop a limited ability to 

adhere to one other.   During chemotaxis in a cAMP gradient PakBˉ/dAbp1OE cells 

were unable to maintain a polarized, elongated morphology but underwent rapid and 

dramatic changes in shape (Fig. 2.6C and Supplemental Fig. S3 and video 5). 

Immunoblot analysis showed that similar levels of RFP-dAbp1 were expressed in JH10 

and PakBˉ cells (Fig. 2.6D). The amounts of endogenous dAbp1 expressed by PakBˉ 

cells and JH10 cells are also comparable.  

We tested whether the block in early development exhibited by PakBˉ/dAbp1OE 

cells could be rescued by expression of PakB-1-180.  After 14 hours in starvation buffer 

PakBˉ /dAbp1OE cells expressing GFP-PakB-1-180 formed defined streams and 

aggregates (Fig. 2.6B).  In contrast, the expression of PakB-1-180ΔP, which does not 

bind the dAbp1 SH3 domain, was unable to reverse the block in early development.   
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Fig. 2.6 Overexpression of dAbp1 blocks development of PakBˉ cells.  

(A) JH10 cells, PakBˉ cells and PakBˉ cells expressing RFP-dAbp1 with a function 

blocking mutation in its SH3 domain (dAbp1-ΔSH3) were starved to induce development.  

The cells formed streams and aggregates after 7 to 8 hours of starvation.  Magnification is 

5X.  (B) JH10 cells expressing RFP-dAbp1 (dAbp1
OE

), PakBˉ cells expressing RFP-

dAbp1 (PakBˉ/dAbp1
OE

) and PakBˉ/dAbp1
OE

 cells expressing GFP-PakB-1-180 or GFP-

PakB-1-180ΔP were starved to induce development and imaged at 7, 11or 14 hours at 5x, 

10x or 40x magnification as indicated.  Bar, 0.2 mm for upper and middle panels, 20 µm 

for bottom panels. (C) Time course images of a developed PakBˉ/dAbp1
OE

 cell migrating 

in a cAMP gradient.  The cell undergoes rapid shape changes, with RFP-dAbp1 diffusely 

distributed in the cytoplasm.  Arrow indicates the direction of migration.  Bar, 10 µm. (D) 

Extracts of the cell lines described above were subject to immunoblot analysis using anti-

dAbp1 (top panel) and anti-GFP (bottom panel) antibodies to show the expression levels 

of dAbp1, RFP-dAbp1, GFP-PakB-1-180 and PakB-1-180ΔP.  
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At the 14 hour time point, 60 to 80% of PakBˉ/dAbp1OE cells expressing PakB-1-180 

had an elongated morphology whereas cells expressing PakB-1-180-ΔP were rounded or 

irregularly shaped.  Immunoblot analysis showed that equivalent amounts of PakB-1-180 

and PakB-1-180ΔP were expressed in PakBˉ/dAbp1OE cells (Fig. 2.6D). 

To test whether the effects of dAbp1 are mediated by its SH3 domain, a version of 

dAbp1 with a function blocking mutation (P474L) in the SH3 domain (dAbp1-ΔSH3) 

was expressed in PakBˉ cells.  Expression of RFP-dAbp1-ΔSH3 had no effect on the 

ability of PakBˉ cells to complete early development (Fig. 2.6A), even though it was 

expressed at a level comparable to RFP-dAbp1 (Supplemenal Fig. S5A).  Moreover, 

RFP-dAbp1-ΔSH3 did not alter the morphology of PakBˉ cells during chemotaxis in a 

cAMP gradient (Supplemental Fig. S5A and B). The cells maintained an elongated 

phenotype during chemotaxis but, as previously reported for PakBˉ cells, tended to 

extend more lateral pseudopods than JH10 cells (130).   

2.4.7 PakBˉ/ dAbp1
OE

 cells migrate slowly  

The chemotactic properties of JH10, dAbp1
OE

, PakBˉ and PakBˉ/dAbp1
OE

 cells in a 

stable cAMP gradient were examined in more detail using ibidi µ-slides.  dAbp1
OE 

cells 

moved ~30% faster than JH10 cells with no significant loss in directionality (calculated 

by dividing the Euclidean distance traveled in the direction of the cAMP gradient by the 

total accumulated distance) (Fig. 2.7A and B).  PakBˉ cells migrated ~30% more slowly 

than the parental JH10 cells and made sharp, rapid turns, resulting in a decreased 

directionality.  PakBˉ/ dAbp1
OE 

cells exhibited a directionality similar to PakBˉ cells, 
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showing that they can sense and respond to the cAMP gradient.  However, their speed 

was ~30% less than PakBˉ
 
cells, which likely reflects the fact that they cannot maintain a 

polarized morphology. The speed of the PakBˉ/ dAbp1
OE 

cells was increased nearly to the 

level of PakBˉ cells by the expression of GFP-PakB-1-180 but was not significantly 

altered by expression of GFP or GFP-PakB-1-180ΔP.  Taken together, the results show 

that PakB plays an important role in controlling the cellular activities of dAbp1. 
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Fig. 2.7 Overexpression of dAbp1 in PakBˉ cells inhibits chemotaxis.  

(A) Developed cells were monitored during chemotaxis in a linear and stable cAMP 

gradient using ibidi µ-slides. Positions were recorded every 30 seconds.  Typical tracks 

for three cells from each of the indicated cell lines are shown. (B) Speed and 

directionality values were calculated for each cell line using the ibidi Chemotaxis and 

Migration Tool 2.0.  Results show the mean and standard deviations for 15-20 cells in 

each of three separate experiments.  Cells were tracked for a total of 20 minutes.  
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2.5 Discussion 

PakB localizes to actin-rich membrane protrusions where it is implicated in the 

phosphorylation and activation of class I myosins (127). Here we show that the N-

terminal regulatory region of PakB contains an actin filament binding module and two 

docking sites for the SH3 domain of dAbp1.  PakB localizes dAbp1 to actin-rich sites at 

the plasma membrane and plays a critical role in regulating its cellular activities.  In turn, 

dAbp1 may facilitate the recruitment of class I myosins to PakB in order to promote their 

activation. 

2.5.1 Tandem proline-rich motifs bind the dAbp1 SH3 domain  

Two closely-spaced binding sites for the SH3 domain of dAbp1 were identified in 

the N-terminal region of PakB.  The two sites (P2 and P3/4) share a PxxPx(0-2)RP motif 

(Fig. 2.8A).  Mutation of the first proline residue in the motif blocked the binding of the 

dAbp1 SH3 domain, but other key recognition determinants for the dAbp1 SH3 domain 

remain to be identified.  Disruption of both the P2 and P3/4 motifs was needed to block 

the binding of the dAbp1 SH3 domain to PakB, indicating that each site can individually 

bind the SH3 domain.  Nevertheless, the two PxxPx(0-2)RP motifs are separated by only 

14 residues and so could function in a co-operative or mutually exclusive manner.  In this 

context it is interesting to note that the SH3 domain of yeast Abp1 SH3 domain binds to 

an extended target sequence 17 residues in length (176,177).  If the target sequence 

recognized by the dAbp1 SH3 domain is of a similar length, then  
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Fig. 2.8 PakB interacts with the dAbp1 SH3 domain via a conserved proline-rich 

sequence.  

 (A) Sequences similar to the two binding sites for the dAbp1 SH3 domain in PakB 

(P2 and P3/4; residues 64-91) are conserved in dAbp1 (residues 265-297), a 

Dictyostelium WH2 domain-containing protein (WH2; residues 361-396), Acanthamoeba 

myosin-I heavy chain kinase (MIHCK; residues 207-239), human dynamin-1 (Dyn; 

residues 813-836); human synaptojanin-1 (Syn; residues 1141-1165) and human 

WAS/WASL-interacting protein family member 1 (WIP-1; residues 295-316).  GenBank 

accession numbers are: WH2 domain-containing protein (EAL66623), MIHCK 

(AAD09141); dynamin-1 (AAH50279), synaptojanin-1 (NP_003886) and WIP-1 

(   NP_003378).  (B) A model for the PakB-dAbp1 complex.  Inactive PakB is thought to 

adopt a folded conformation in which the N-terminal region suppresses the activity of the 

PBD and kinase domains. Autophosphorylation of Ser-8, which occurs in the absence of 

allosteric effectors, allows GTP-Rac to bind the PBD domain (red box) and increases 

kinase activity 40-fold.  It is proposed that Ser-8 autophosphorylation causes PakB to 

unfold, which would increase exposure of the N-terminal region that contains an actin-

binding module (blue box) and binding sites for the dAbp1 SH3 domain (orange box). 

The actin-binding module recruits PakB to actin-rich regions at the cell cortex where it 

serves as a docking site for dAbp1. Whether the P2 and P3/4 motifs can support the 

concurrent binding of two dAbp1 molecules is not known. dAbp1 contains an ADF-H 

domain that weakly binds actin filaments and a P2-P3/4-like sequence (orange) that binds 

its own SH3 domain, suggesting that dimers or oligomers of dAbp1 may assemble to 

cross-link and strengthen the local actin network. dAbp1 interacts directly with MyoK, 

and possibly other class I myosins, suggesting that it may facilitate their recruitment to 

the complex to be phosphorylated and activated by PakB. 
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simultaneous binding of the dAbp1 SH3 domain to the P2 and P3/4 may not be possible.  

Further studies to determine whether the stoichiometry of the PakB-dAbp1 complex is 

1:1 or 1:2 should resolve this question. 

Tandem PxxPx(0-2)RP motifs occur within the GPA domain of dAbp1(Fig. 2.2A 

and Fig. 2.8A).  Pull-down assays confirmed that this region of dAbp1 is capable of 

binding to the dAbp1 SH3 domain.  The presence of an internal binding site for its SH3 

domain raises the possibility that dAbp1 can adopt a folded conformation or, alternatively, 

assemble via intermolecular interactions to form dimers or higher order oligomers (Fig. 

2.8B).  In the latter case, a PakB-dAbp1 complex would encompass multiple actin 

binding modules and could function to in cross-link and organize actin filaments within 

membrane protrusions. 

The results described above suggest that tandem PxxPx(0-2)RP motifs may 

function as specific binding sites for the dAbp1 SH3 domain. Pattern Hit Initiated 

BLAST (PHI-BLAST) searches identified multiple examples of this motif in an 

uncharacterized Dictyostelium protein with a Wiskott Aldrich syndrome homology region 

2 (WH2) domain (dictyBase DDB_G0281723) (Fig. 2.8A).  Tandem PxxPx(0-2)RP motifs 

are also present in the N-terminal region of Acanthamoeba myosin-I heavy chain kinase 

(MIHCK), a PAK-family kinase that phosphorylates and activates class I myosins (126).  

The presence of these motifs suggests that recruitment of Abp1 by MIHCK may be 

involved in the regulation of myosin-I activity in Acanthamoeba.  Several proteins known 

to bind the SH3 domain of mammalian Abp1 (mAbp1), including dynamin, synaptojanin-

1 and WASp-interacting protein family member 1 (WIP-1), contain tandem PxxPx(0-2)RP 
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motifs (Fig. 2.8A) (178,179).  Whether these sequences function as specific binding sites 

for the SH3 domain of mammalian Abp1will require further study. 

2.5.2 Regulatory functions of the N-terminal region of PakB 

The first ~70 residues of PakB were found to bind to actin filaments and to target 

PakB to actin-rich regions at the cell cortex.  The discovery of the actin filament binding 

module provides an explanation for the behavior of PakB-1-276, PakB-ΔC and PakB-

ΔPL, which aggregate into dot-like particles that mislocalize to the rear of migrating cells 

(Fig. 2.1D) (127).  We propose that the 180-276 sequence, which is hydrophobic and 

contains few charged residues, causes these constructs to aggregate. Since the aggregates 

contain multiple actin binding modules, they bind very tightly to actin filaments. The dot-

like particles formed by PakB-1-276, PakB-ΔC and PakB-ΔPL exhibit a cellular 

distribution very similar to that of injected phalloidin and other constructs that bind with 

high affinity to actin filaments (127). 

Database searches did not detect sequences similar to PakB-1-70 in other proteins, 

but it is possible that only a small subset of residues within this sequence makes critical 

contacts with the actin filament.  It is intriguing that myosin heavy chain kinase-A 

(MHCK-A), which inhibits myosin-II filament assembly, is targeted to the same cellular 

sites as PakB, including the leading edge of cells and phagocytic cups, by an N-terminal 

actin filament binding module (51,180).  Their respective actin-binding modules 

therefore allow PakB and MHCK-A to coordinate activation of myosin-I and inhibition 

of myosin-II at actin-rich sites. 
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The N-terminus of PakB has previously been described as a negative regulatory 

element that suppresses the activity of the PBD and kinase domains (Fig. 2.8B) 

(122,123,128).  The first step in the activation of PakB is the autophosphorylation of Ser-

8.  This reaction is thought to relieve the inhibitory effects of the N-terminal region by 

converting PakB from a closed inactive state to an open active state (Fig. 2.8B) (128).  

The results of this study now show that Ser-8 is located within the actin binding module 

of PakB.  Studies are currently underway to investigate the effect of Ser-8 

autophosphorylation on the ability of PakB to bind to actin filaments    

2.5.3 PakB promotes binding of dAbp1 to actin filaments 

Actin filament co-sedimentation assays showed that dAbp1 has a low affinity for 

actin filaments. In contrast, mAbp1 and drebrin, a homolog of mAbp1, bind tightly to 

actin (181,182).  Both mAbp1 and drebrin contain two distinct actin binding modules: the 

ADF-H domain and a charged α-helical sequence.  In the absence of the charged α-

helical sequence the ADF-H domains of mAbp1 and drebrin bind weakly, or not at all, to 

filamentous actin (181,182). Sequence alignments show that dAbp1lacks the charged α-

helical sequence present in mAbp1 and drebrin, and thus can attach to actin filaments 

only via its ADF-H domain.  PakB enhanced the binding of dAbp1 to actin filaments in 

vitro and is needed to recruit dAbp1 to actin-rich sites in cells. It can be proposed that 

PakB compensates for the lack of a second intrinsic actin binding module by providing a 

means for dAbp1 to attach to actin filaments via its SH3 domain (Fig. 2.8B).  The 

presence of actin binding modules in both PakB and dAbp1 suggests that the PakB-
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dAbp1 complex contains an actin binding modules at the N-terminus of PakB and dAbp1 

could play an important role in cross-linking and organizing actin filaments (Fig. 2.8B).  

2.5.4 dAbp1 interacts with class I myosins 

There is emerging evidence that dAbp1 interacts with class I myosins. dAbp1 binds 

directly to the TH2-like insert in the motor domain of MyoK (131) and is recruited to late 

phagosomes by MyoB (183).  Studies on the SH3 domain of yeast Abp1 have identified 

the class I myosin Myo5p as a binding partner (177).  Given these results, it can be 

proposed that dAbp1 may function to recruit class I myosins to the PakB-dAbp1 complex 

in order to facilitate their phosphorylation and activation by PakB.  In this model, either 

the loss or the overexpression of dAbp1 could disrupt formation of a PakB-dAbp1-

myosin-I complex and result in decreased myosin-I motor activity.  This model is 

consistent with the finding that cells that lack or overexpress dAbp1 are unable to 

suppress the extension of lateral pseudopods during chemotaxis (172), a defect that is 

characteristic of cells that lack one or more class I myosins (94,95,184).  

2.5.5 PakB regulates the cellular functions of dAbp1 

The overexpression of dAbp1 had a much more severe effect on the morphology and 

early development of PakBˉ cells than wild-type cells. This result can be considered an 

example of synthetic dosage lethality (SDL), in which increased amounts of a protein do 

not produce a noticeable phenotype in a wild-type strain but cause a clear phenotype, 

such as slow growth or lethality, in a mutant strain with reduced levels of an interacting 
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protein (185). Notably, the first large-scale genome wide SDL screens in cells lacking the 

Pho85 cyclin-dependent kinase mutant successfully identified both known and novel 

downstream Pho85 targets (186).  Our overexpression data supports the view that PakB 

regulates dAbp1 activity in cells; however, further studies will be needed to demonstrate 

that under normal cellular conditions the activity of dAbp1 is regulated via its interaction 

with PakB. 

Because overexpression phenotypes often result from competition-based 

mechanisms, they can also be reversed by co-overexpression of a target protein.  We 

found that the inhibitory effects of dAbp1 on PakBˉ cells could be rescued by expression 

of PakB-1-180, which binds the dAbp1 SH3 domain, and were abrogated by the 

introduction of a function-blocking mutation into the dAbp1 SH3 domain.  The results 

show that the effects of dAbp1 on PakBˉ cells are mediated by its SH3 domain. This 

conclusion is consistent with a study showing that the defects resulting from the 

overexpression of dAbp1, which include a delay in early development and the extension 

of multiple pseudopods during chemotaxis, are mimicked by overexpression of the SH3 

domain (172).  One important function of PakB may therefore be to bind and sequester 

the dAbp1 SH3 domain, thus limiting its ability to interact with other binding partners.   

There is evidence that dAbp1 binds MyoB, MyoK, dynamin A and profilin II, but 

whether these interactions are mediated by the dAbp1 SH3 domain or can account for the 

effects of dAbp1 on cell function remain to be determined (131).  The studies reported 

here, which identify a consensus binding sequence for the dAbp1 SH3 domain, should 
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aid in the search for novel binding partners.  As noted above, one possible candidate is a 

WH2 domain-containing protein that contains multiple tandem PxxPx(0-2)RP motifs.  

In summary, the studies reported here show that dAbp1 binds to PakB via its SH3 

domain.  The PakB-dAbp1 complex may facilitate the phosphorylation and activation of 

class I myosins and participate in the cross-linking of actin filaments within membrane 

protrusions.  In addition, the interaction with PakB localizes dAbp1 to actin-rich sites at 

the plasma membrane and is likely to play a key role in controlling and limiting the 

ability of the dAbp1 SH3 domain to influence other critical cell signaling pathways.  
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Chapter 3 

Dictyostelium PakB Maintains Cortical Tension by Promoting Myosin-I 

Motor Activity 

3.1 Abstract 

Dictyostelium discoideum PakB is a p21-activated kinase that phosphorylates and 

activates class I myosins.  Here we show that the thin cortical layer of actin filaments that 

lies below the plasma membrane in wild-type D. discoideum cells is largely disrupted in 

PakB null (PakBˉ) cells. Loss of the cortical layer of actin filaments is correlated with 

defects in the ability of PakBˉ cells to resist external stresses.  When placed under a 

coverslip or subjected to electroporation, PakBˉ cells form large blebs at a significantly 

higher rate than wild-type cells.  PakBˉ cells also chemotax more slowly than wild-type 

cells and cannot maintain an elongated morphology forced to migrate under a layer of 0.5% 

agarose.  All of the defects were rescued by the expression of full-length PakB, but not by 

expression of an N-terminal fragment of PakB that lacks the protein kinase domain. 

These results suggest that the loss of PakB kinase activity is responsible for the cortical 

defects. Immunoblot analysis carried out using an antiphospho-antibody raised against 

the TEDS site of myosin ID (MyoD), a known PakB substrate, showed that MyoD 

phosphorylation levels were reduced by 5-fold in PakBˉ cells compared to wild-type cells.  

Based on these results we propose that activation of myosin-I motor activity by PakB 

plays a critical role in stabilizing the cortical actin cytoskeleton.  
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3.2 Introduction 

The p21-activated kinases (PAKs) are a widespread family of Ser/Thr protein 

kinases that are activated through interactions with the GTP-bound forms of Cdc42 and 

Rac (115).  In many organisms PAKs are central components of the signaling pathways 

that maintain and rearrange cytoskeletal structures (116,118).  In this study we show that 

in the social amoeba D. discoideum a PAK family kinase (PakB) that regulates the 

activity of class I myosins plays a critical role in maintaining the integrity of the actin 

cortex and consequently the ability of cells to resist external stresses (187,188).  

PakB consists of a proline-rich N-terminal region, a conserved p21-binding 

domain (PBD) that binds several D. discoideum Rac family members, including Rac1, 

RacB, RacC and RacF1 and a C-terminal kinase domain (123,127). The N-terminal 

region of PakB contains an actin filament binding module and is responsible for targeting 

PakB to dynamic actin-rich sites at the plasma membrane, such as phagocytic and 

macropinocytic cups and the leading edge pseudopod of polarized migrating cells 

(127,131,189). The PakB N-terminal region also contains two proline-rich motifs that 

serve as binding sites for the SH3 domain of the actin-binding protein dAbp1 (189).  The 

interaction with PakB recruits dAbp1 to actin-rich sites in the cell and regulates its effects 

on cell polarity and development.  

Class I myosins (myosin-I) are single-headed, monomeric myosins composed of a 

heavy chain and one or more calmodulin-like light chains (86). The myosin-I heavy chain 

contains an N-terminal motor domain that drives ATP-dependent movement along actin 
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filaments, a neck region that binds the light chains and a variable C-terminal tail.  There 

are seven D. discoideum class I myosins: MyoA-F and MyoK (20).  MyoA, MyoE and 

MyoF have short tails comprised largely of a positively charged tail homology 1 (TH1) 

domain that binds membranes and negatively charged phospholipids (84).  MyoB, MyoC 

and MyoD have longer tails that contain a TH1 domain, a domain rich in glycine, proline 

and alanine or glutamine residues (GPA/Q domain) and an SH3 domain.  The GPA/Q 

domain binds actin filaments in a nucleotide-independent manner (97,190,191).  The SH3 

domains of MyoB and MyoC bind CARMIL, a scaffold protein that interacts with the 

Arp2/3 complex and capping protein (99).  The atypical MyoK lacks a tail but has an 

actin filament-binding GPA/Q-like sequence inserted into the motor domain (92). Studies 

in which myosin-I genes have been knocked out or overexpressed show that they play 

important roles in the maintenance of cortical tension and in processes that require the 

extension and retraction of membrane protrusions, such as phagocytosis, pinocytosis and  

pseudopod formation  (90-93,95).  

All D. discoideum class I myosins have a Ser or Thr residue at the TEDS site in 

the motor domain (20).  As a result, phosphorylation of the TEDS site is required for 

these myosins to exhibit motor activity and to carry out their cellular functions 

(88,109,111,112,192). To date, PakB is the only D. discoideum protein kinase identified 

that phosphorylates and activates class I myosins (122,123).  The loss of PakB does not 

have a significant effect on growth or development but does decrease rates of 

phagocytosis (127,131).  During chemotaxis, PakBˉ cells are less polarized than wild-
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type cells and extend more lateral pseudopods (130).  The results are consistent with the 

loss of some, but not all, myosin-I activity in PakBˉ cells. 

In this paper we have examined in more detail the properties of PakBˉ cells.  We 

find that PakBˉ cells lack a defined cortical layer of actin filaments and that they bleb and 

lyse more frequently than wild-type cells when subjected to external stresses.  In addition, 

PakBˉ cells are unable to maintain their shape or chemotax efficiently in a restricted 

environment. We show that the level of phosphorylation of the TEDS site of MyoD is 

significantly reduced in PakBˉ cells.  Together, the results support a model in which 

PakB maintains the integrity of the actin cortex by promoting the motor activity of MyoD 

and possibly other myosin-I isozymes.  
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3.3 Material and Methods 

3.3.1 Cell Growth  

The pakB gene was disrupted in the thymidine auxotroph JH10 cell line using a gene 

targeting construct (127). PakBˉ cells were maintained in HL-5 medium and JH10 cells 

were grown in the same medium supplemented with 100 mg/ml thymidine (Sigma 

Aldrich).  

3.3.2 Blebbing assay  

Cell blebbing was induced by electroporation as described (193). A 100 µl aliquot 

containing 2x10
7 
cells in H-50 buffer (20 mM HEPES, 50 mM KCl, 10 mM NaCl, 1 mM 

Mg2SO4, 5 mM NaHCO3, 1 mM Na2HPO4, pH 7.0) was placed in an ice-cold 0.1 cm 

cuvette.  The sample was pulsed at 0.85 kV and then 25 seconds later at 0.15 kV with a 

capacitance of 25 µF.  Cells were immediately removed to a T-dish at room temperature 

containing 500 µl of H-50 buffer.  Imaging was initiated as soon as the cells had settled 

to the bottom of the T-dish (usually 7-8 min after electroporation). Average rates of bleb 

formation were calculated based on observations of 20 to 40 cells over a 5 min period. 

 

3.3.3 Expression of PakB  

DNA encoding PakB, PakB-ΔPL and PakB residues 1-350 (PakB-N) was cloned into 

the tetracycline-inducible pDM360 expression plasmid (14).  Plasmids were transformed 

into PakBˉ cells by electroporation as described (194).  Protein expression was initiated 
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by adding 5 µg/ml doxycycline to the culture medium.  Expression of the PakB 

constructs was detected by immunoblot analysis using a rabbit polyclonal raised against 

PakB (123). 

3.3.4 Immunoblot analysis of membrane cytoskeleton fraction  

Aggregation-competent cells were prepared as previously described (175,189). Cells 

were treated with 1 mM caffeine for 30 min, collected, and resuspended at a density of 4 

x10
7
 cells/mL in DB buffer (5 mM KH2PO4, 5 mM Na2HPO4, 1 mM CaCl2, 2 mM MgCl2, 

pH 6.5). Aliquots of cells were placed into a syringe fitted with a Whatman Nuclepore 

membrane filter (5 µm pore size). cAMP was added to a final concentration of 10 µM 

and at after various times cells were disrupted by forcing them through the filter into 5 

volumes of 10 mM Tris, pH 7.5, 0.2 mM EGTA, 0.2 M sucrose. A membrane 

cytoskeleton pellet was collected by centrifuging the cell lysates at 20,000 x g. Samples 

were subjected to immunoblot analysis using a rabbit phospho-specific antibody raised 

against a synthetic phosphopeptide corresponding to the MyoD TEDS site conjugated to 

the carrier protein KLH (Dr. Linda Shen, Queen’s University).  Prior to use, the phospho-

specific antibody was affinity purified using the phosphopeptide and then pan-specific 

antibodies were removed by adsorption against the dephosphopeptide. After reaction with 

the anti-phospho MyoD antibody, the blots were stripped and re-probed with an anti-

MyoD rabbit polyclonal antibody (195). 
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3.3.5 Under Agarose Migration Assay  

The under-agarose chemotaxis of cells was carried out using ibidi µ-slides 

Chemotaxis 3D (ibidi, LLC).  The observation chamber was first filled with a 70-µm-

thick layer of 0.5% agarose (Biotechnology grade, BioShop Canada, Inc.). A 60 µL 

aliquot of aggregation competent cells (3 x10
5
 cells total) was then seeded into one 

reservoir chamber, which was subsequently filled with DB. The other reservoir chamber 

was filled with DB containing 1 µM cAMP.  In response to the cAMP gradient, the cells 

migrated into the observation chamber by crawling under the agarose gel. Cell images 

were obtained using a Zeiss Axiovert 100 inverted microscope equipped with a Plan-

Neofluar 40X/0.75 and Plan-Neofluar 10x/0.3 objectives. Migration tracks for 30 to 40 

cells for each cell line were collected from at least three different slides.  Speed and 

directionality were calculated using the ibidi Chemotaxis and Migration Tool 2.0.  

Directionality, a measure of the linearity of the pathway, was calculated by dividing the 

Euclidean distance traveled in the direction of the cAMP gradient by the accumulated 

distance traveled. 

3.3.6 In vitro Phosphorylation Assay  

The motor domains of MyoA, MyoB, MyoC, MyoD and MyoE were overexpressed 

and purified as previously described (83,196).The kinase domains of PakA, PakC and 

full-length human PAK3 were cloned into the pET21 vector, expressed in BL21 E. coli 

and purified by Ni
2+

-affinity chromatography. In vitro phosphorylation assays were 

performed as described (131).    
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3.4 Results  

3.4.1 PakBˉ cells lack cortical actin filaments 

In many organisms PAKs play a central role in maintaining and remodelling the actin 

cytoskeleton.  PakB is a D. discoideum PAK that contains a conserved PBD and kinase 

domain (Fig. 3.1A). We examined whether the loss of PakB alters the organization of 

actin cytoskeleton by staining PakBˉ cells and the parental JH10 cells, both expressing 

GFP-cAR1 as a plasma membrane marker, with TRITC-phalloidin.  Confocal 

microscopy showed that the large majority of JH10 cells contained a distinct layer of 

cortical actin filaments in close association with the plasma membrane (Fig. 3.1B and C).  

In some cells the cortical actin filaments formed short arcs, whereas in other cells they 

completely encircled the cell periphery.  In contrast, PakBˉ cells lacked an obvious 

peripheral layer of cortical actin filaments, although numerous actin filaments filled the 

interior of the cell (Fig. 3.1B and C).  Examination of JH10 and PakBˉ
 
cells from 

randomly chosen fields showed that 80% of JH10 cells but only 2% of PakBˉ cells 

contained a distinct peripheral band of cortical actin filaments. The results indicate that 

PakB is involved in maintaining the integrity of the cortical actin filament network.  
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Fig. 3.1. PakBˉ cells contain few cortical filaments.   

(A) Schematic diagram of PakB domain structure. (B) Confocal images of JH10 and 

PakBˉ cells stained with TRITC-phalloidin to visualize actin filaments and with an anti-

GFP antibody to detect GFP-cAR1, a plasma membrane marker.  The merged image 

shows actin in red and GFP-cAR1 in green. Scale bars: 10 µm. (C) The fluorescence 

intensity for actin (red) and GFP-cAR1 (green) was measured along the white line for a 

JH10 cell and a PakBˉ cell (boxed in panel A).  JH10 cells have a thin layer of cortical 

actin filaments adjacent to the plasma membrane in JH10 cells which is absent in PakBˉ 

cells. 
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3.4.2 PakBˉ cells form large blebs when placed under a coverslip  

The cortical actin cytoskeleton stabilizes the plasma membrane and allows the cells 

to resist external forces, suggesting that PakBˉ cells may be less resistant to stress than 

JH10 cells. To test their resistance to compression, JH10 and PakBˉ cells were placed 

beneath a coverslip. After 5 min, JH10 cells exhibited a flattened, rounded shape and in 

some cases protruded small membrane blebs (Fig. 3.2A).  PakBˉ cells began to form 

membrane blebs by 4 min (Fig. 3.2A).  By 5.5 min more than 90% of PakBˉ cells had 

either burst open or had formed a bleb that was at least 10% the size of the cell body (Fig. 

3.2B).  At the same time point less than 10% of JH10 cells had large blebs or had broken 

open (Fig. 3.2B). 

We tested whether the blebbing defect exhibited by PakBˉ cells could be rescued 

by the expression of PakB.  PakB was cloned into the pDM360 vector, which allows for 

doxycycline-inducible expression (14).  Immunoblot analysis showed that in the absence 

of doxycycline PakBˉ cells transfected with the pDM360-PakB plasmid expressed 

minimal levels of PakB (Fig. 3.2C).  PakB expression increased significantly 3 hours 

after the addition of doxycycline and reached maximal levels by 8 to 12 hours (Fig. 3.2C).  

In the absence of doxycycline, most PakBˉ cells transfected with the pDM360-

PakB plasmid formed large blebs or lysed within 5.5 minutes of being placed under a 

coverslip (Fig. 3.2B).  Exposure to doxycycline for 8 hours to induce PakB expression 

largely prevented bleb formation and cell lysis by the PakBˉ cells (Fig. 3.2 A and B).   
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Fig. 3.2 Cells lacking PakB form large blebs when placed under a coverslip.   

(A) Differential interference contrast (DIC) images of JH10, PakBˉ, and PakBˉ cells 

expressing PakB (PakBˉ + PakB) underneath a glass coverslip.  The first image was taken 

4 min after the coverslip was placed on top of the cells. JH10 cells formed small blebs 

(white arrows), whereas PakBˉ cells formed large blebs (black arrows) and in some cases 

broke open (arrowheads).  Scale bars: 10 µm. (See supplementary Videos #1 and #2).  (B) 

The percent of cells that lysed or that displayed a bleb >10% the size of the cell body 5.5 

minutes after being placed under a coverslip was determined for JH10 cells (●), PakBˉ 

cells (○) and PakBˉ cells transfected with the pDM360-PakB plasmid in the absence 

(PakBˉ -PakB; ▼) or presence of doxycycline (PakBˉ +PakB; ).  Results are based on 

analysis of 50 to 100 cells for each cell line. (C) Immunoblot analysis of doxycycline-

induced expression of PakB in PakBˉ cells using an anti-PakB antibody. Doxycycline 

was added to the medium at the 0 time point. Cross-reactivity of the anti-PakB antibody 

with an unknown 40 kDa band serves as an internal loading control for the immunoblot. 
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It can be concluded that the expression of PakB is sufficient to reverse the blebbing 

defect exhibited by PakBˉ cells.  

3.4.3 PakBˉ cells bleb extensively following electroporation 

Electroporation has been used to reproducibly induce D. discoideum amoeba to bleb 

(193).  Following electroporation, JH10 cells formed a few small membrane blebs, 

whereas PakBˉ cells produced massive bleb-like membrane extensions (Fig. 3.3A).  

Analysis of the number of blebs formed per cell, without taking into account bleb size, 

showed that a much higher percentage of PakBˉ cells than JH10 cells formed multiple 

blebs (Fig. 3.3B).   

Expression of PakB significantly reduced the number of blebs protruded by PakBˉ 

cells following electroporation (Fig. 3.3C).  We also tested the effect of expressing a 

constitutively active PakB that lacks the PBD and linker domains (PakB-ΔPL) and a 

PakB residues 1-350 (PakB-N) that contains the actin and dAbp1 binding sites but lacks 

the kinase domain (Fig. 3.23D).  PakB-ΔPL, but not PakB-N, significantly reduced the 

rate at which PakBˉ cells formed blebs following electroporation (Fig. 3.3C).  We 

conclude that the binding interactions mediated by the N-terminal region of PakB are not 

sufficient to suppress bleb formation. 

3.4.4 PakBˉ cells are defective in an under agarose migration assay  

D. discoideum amoeba that are deprived of nutrients initiate a multicellular 

developmental program that involves chemotaxis towards external gradients of cAMP.  
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Fig. 3.3 PakBˉ cells bleb more frequently following electroporation.   

(A) Time lapse phase contrast images of JH10 and PakBˉ cells after being subjected 

to electroporation.  The first image was taken 7 min after electroporation. The black 

arrows indicate appearance of blebs.  (B) Number of blebs formed by JH10 and PakBˉ 

cells in the 7- 9 min period after electroporation.  The results show the mean and standard 

deviation for three separate experiments in which blebs were counted for 25 to 40 cells.  

More PakBˉ cells than JH10 cells produced multiple blebs.  (C) Effect of PakB, PakB-N 

and PakB-ΔPL expression on bleb formation by PakBˉ cells. Results show the mean and 

standard deviation for two separate experiments in which bleb formation was counted for 

20 to 40 cells in the 7 to 9 minute period following electroporation.  The PakBˉ cell 

results combine 4 separate experiments using PakBˉ cells transfected with pDM360 

plasmids encoding PakB, PakB-N and PakB-ΔPL in the absence of doxycycline. (D)  

Immunoblot analysis of doxycycline-induced expression of PakB-ΔPL (left panel) and 

PakB-N (right panel) in PakBˉ cells using an anti-PakB antibody.  Doxycycline was 

added at the 0 time point. For the PakB-ΔPL panel, cross-reactivity of the anti-PakB 

antibody with an unknown 40 kDa band serves as an internal loading control.  For PakB-

N, which is close to 40 kDa in size, the expression of GFP-cAR1, detected using an anti-

GFP antibody, was used as an internal loading control.  . 

 

  



 

78 

 

Chemotaxis assays show that PakBˉ cells are less polar than wild-type cells and extend 

more lateral pseudopods (130).  We reasoned that if PakBˉ cells have a defective cortical 

actin cytoskeleton, then more severe defects in chemotaxis may emerge if they are forced 

to migrate in a restrictive environment.  We therefore examined the ability of cells to 

chemotax underneath a layer of 0.5% agarose, which requires the cells deform the 

agarose layer by exerting an upwards force (197).  

The central well of an ibidi µ-slide was filled with a 0.5% agarose gel, 

aggregation-competent JH10 or PakBˉ cells were placed in one buffer chamber and 1 µM 

cAMP was placed in the other chamber. Time-lapse images were taken of cells that 

migrated into the central well by squeezing between the agarose layer and the surface of 

the slide. JH10 cells were able to maintain an elongated morphology with well-defined 

leading and trailing edges as they migrated beneath the agarose (Fig. 3.4A).  On the other 

hand, PakBˉ cells could not sustain an elongated morphology and rapidly changed shape 

by extending and retracting pseudopods (Fig. 3.4A).  Analysis of cell tracks showed that 

the average speed (total path length/time) of PakBˉ cells was only 20% that of JH10 cells 

(Fig. 3.4B and C).  PakBˉ cells also turned more frequently than JH10 cells. As a result, 

the directionality of PakBˉ cells (Euclidean distance traveled/total path length) was 0.56 

± 0.15, as compared to 0.90 ± 0.10 for JH10 cells..  

The chemotaxis defects exhibited by PakBˉ cells were rescued by the expression 

of PakB (Fig. 3.4C).  On the other hand, expression of PakB-N and PakB-ΔPL did not 

restore a polarized morphology to the PakBˉ cells and did not increase cell migration 
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speed (Fig. 3.4C).  We conclude that the proper regulation of PakB is necessary for cells 

to chemotax efficiently in a restricted environment.  

3.4.5 Phosphorylation of D. discoideum myosin-I by PAKs  

PakB activates myosin-I by phosphorylating the TEDS site in the motor domain.  

Since myosin-I contributes to cortical tension generation, we wondered whether the 

cortical defects observed in PakBˉ cells might be due to decreased myosin-I motor 

activity (92,93). To monitor TEDS site phosphorylation, a phospho-specific antibody was 

raised against a phosphopeptide corresponding to the MyoD TEDS site.  Note that each D. 

discoideum myosin-I isozyme has a unique TEDS site sequence (Fig. 3.5A). 

The ability of the anti-phospho MyoD antibody (anti-pMyoD) to detect TEDS site 

phosphorylation was examined using the purified Flag-tagged motor domains of MyoA, 

MyoB, MyoC, MyoD and MyoE (Fig. 3.5B). The motor domains were phosphorylated 

using D. discoideum PakA, PakC and mouse PAK3.  Of interest, all three PAKs 

preferentially phosphorylated the MyoA, MyoD and MyoE motor domains (Fig. 3.5C).  

This is in agreement with work showing that PakB phosphorylates MyoD but not MyoB 

(122). The TEDS site of MyoB has an Arg residue (Arg331) in the -1 position (Fig. 5A). 

To test whether this may account for the poor MyoB phosphorylation, Arg331 was 

mutated to Val to mimic the MyoD TEDS site sequence.  Surprisingly, a MyoB motor 

domain harboring the R331V mutation (MyoB*) was a poorer substrate than MyoB for   



 

80 

 

 

 



 

80 

 

 

Fig. 3.4 Migration of cells under agarose.  

 (A) Time-lapse phase contrast images of aggregation-competent JH10 and PakBˉ 

cells migrating under a layer of 0.5% agarose.  The first image was taken 4 h after the 

addition of cells to the ibidi µ-slide chamber. (B) Tracks are shown for 3 typical JH10 

and PakBˉ cells during migration under agarose. Cell positions were recorded every 10 

seconds for 3 min.  (C) Migration speeds were calculated for JH10, PakBˉ cells and 

PakBˉ cells expressing PakB, PakB-ΔPL and PakB-N.  Results show the mean and 

standard deviations for 15-20 cells in each of three separate experiments in which cells 

were tracked for 3 min. 
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Fig. 3.5 Characterization of an anti-phosphoantibody raised against the MyoD 

TEDS site (anti-pMyoD). 

  (A) Alignment of the TEDS site sequences of D. discoideium myosin-I isozymes. 

(B) Coomasie blue-stained SDS gel showing the purified Flag-tagged motor domains of 

MyoA, MyoB, MyoB* (R331V mutant), MyoC, MyoD and MyoE.  (C) Phosphorylation 

of the myosin-I motor domains by Dictyostelium PakA and PakC and mouse Pak3.  

Following phosphorylation with [γ-
32

P]ATP, samples were run on SDS gels, the motor 

domain band was excised and 
32

P incorporation quantified using a liquid scintillation 

counter.  Results for each kinase are normalized to the amount of 
32

P incorporated into 

MyoD, which ranged from 0.06 to 0.18 mol/mol.  Results show the mean and standard 

deviation for three determinations. (D) Immunoblot analysis using the anti-pMyoD 

antibody of myosin-I motor domains before (-) and after (+) incubation with mouse Pak3.  

(E) Immunoblot analysis using the anti-pMyoD antibody of the MyoB* (R331V mutant) 

motor domain as isolated (NT) and following incubation with alkaline phosphatase (AP) 

or mouse Pak3 (Pak3). 
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PakA and PakC, although it was a better substrate for mouse PAK3 (Fig. 3.5C).   

The anti-pMyoD antibody was used to probe blots of the myosin-I motor domains 

before and after phosphorylation with PAK3 (Fig. 3.5D).  Prior to the phosphorylation 

reaction, the anti-pMyoD antibody reacted only with MyoB*.  This result suggested that 

MyoB* may be purified with the TEDS site partially phosphorylated.  In agreement with 

this suggestion, detection of MyoB* by the anti-pMyoD antibody was reduced following 

treatment with alkaline phosphatase and increased following phosphorylation with PAK3 

(Fig. 3.5E).   

Following phosphorylation with PAK3 the anti-pMyoD antibody reacted with 

MyoA and MyoD, but not MyoB, MyoC or MyoE (Fig. 3.5D).  The lack of reactivity 

with MyoB, MyoC and MyoE could be the result of divergent TEDS site sequences, of 

low levels of TEDS site phosphorylation or a combination of these factors.  Taken 

together, the results show that the anti-pMyoD antibody can be used to monitor 

phosphorylation of the MyoA and MyoD TEDS site. 

The anti-pMyoD antibody was used to monitor TEDS site phosphorylation 

following the cAMP stimulation of aggregation competent JH10 and PakBˉ cells. 

Following exposure to cAMP, cells were lysed and a membrane cytoskeleton fraction 

was prepared. The anti-pMyoD detected a single band in the JH10 membrane skeletons 

that corresponded precisely to the position of MyoD, detected using an anti-MyoD 

antibody (Fig. 3.6A, upper panel).  cAMP stimulation did not alter the total amount of 

MyoD present in the JH10 membrane skeletons but rapidly and transiently increased 

TEDS site phosphorylation.  MyoD TEDS site phosphorylation increased 6-8-fold within  
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Fig. 3.6 PakB phosphorylates MyoD in Vivo. 

(A) Immunoblot analysis of membrane cytoskeletons prepared from JH10 (upper 

panel) and PakBˉ cells (lower panel) at various times following cAMP stimulation using 

the anti-pMyoD and anti-MyoD antibodies. cAMP stimulation did not alter total MyoD 

levels but rapidly increased the level of phospho-MyoD in JH10 cells. Anti-pMyoD 

detected two faint bands (arrows) in PakBˉ cells, with the upper band having the same 

mobility as MyoD.  (B) Immunoblot analysis of PakBˉ cells expressing PakB-ΔPL using 

an anti-PakB antibody.  Cells were placed in doxycycline-free medium at the 0 time point. 

A cross-reacting band at 40 kDa serves as an internal loading control. (C) Immunoblot 

analysis of PakBˉ cells expressing PakB-ΔPL using anti-pMyoD and anti-MyoD 

antibodies.  Cells were placed in doxycycline-free medium at the 0 time point.  

Immunoblots were carried out using whole cell extracts (WCE, left panel) and 

membrane-cytoskeletons (MCK, right panel).  (D) Quantification of the intensities of the 

PakB-ΔPL and pMyoD bands following withdrawal of doxycycline at the 0 time point.  

Loss of PakB-ΔPL expression correlates with a reduced level of phospho-MyoD. Results 

show the mean and standard deviation for two independent experiments.  
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30-50 seconds of cAMP stimulation and returned to baseline levels by 90 seconds. 

Immunoblot analysis using anti-MyoD showed that the membrane cytoskeletons 

of PakBˉ cells and JH10 cells contained similar amounts of MyoD (Fig. 3.6A).  However, 

immunoblot analysis with the anti-pMyoD antibody showed the basal and cAMP-

stimulated levels of TEDS site phosphorylation were considerably lower in PakBˉ cells 

than in JH10 cells. Of interest, the anti-pMyoD antibody reacted with two closely-spaced 

bands in the PakBˉ membrane cytoskeletons. The upper band corresponded exactly to the 

position of MyoD (124 kDa), whereas the lower band had a size consistent with MyoA 

(113 kDa). cAMP stimulation increased the amounts of phosphorylated MyoA and MyoD 

by about 4-fold within 50 to 60 seconds.       

We also examined whether expression of the constitutively active PakB-ΔPL in 

PakBˉ cells correlated with changes in MyoD TED site phosphorylation. The withdrawal 

of doxycycline resulted in a 4-fold decrease in PakB-ΔPL expression over an 8 hour 

period (Fig. 3.6B).  A comparable decrease in MyoD TEDS site phosphorylation 

occurred during this time in both whole cell extracts and membrane cytoskeletons (Fig. 

3.6C and D).  The results support the view that PakB is responsible for phosphorylation 

of the TEDS site of MyoD in cells. 
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3.5 Discussion 

The studies reported here show that the cortical actin cytoskeleton is severely 

disrupted in PakBˉ cells. As a consequence, PakBˉ cells exhibit an increase in membrane 

blebbing and are unable to chemotax effectively in an under agarose assay. We propose 

that a loss in myosin-I motor activity provides the most likely mechanism to explain the 

PakBˉ cell phenotype.  

3.5.1 Membrane blebbing reflects disruption of the cortical cytoskeleton 

The cortical cytoskeleton is composed of a thin meshwork of actin filaments, 

myosin motor proteins and actin binding proteins and is closely associated with the 

plasma membrane (198,199). A strong actin cortex tends to minimize membrane surface 

area and serves to stabilize and even retract cortical structures such as pseudopods (200).  

At sites where the cell cortex is disrupted or is weakly attached to the plasma membrane, 

large spherical deformations of the plasma membrane, termed blebs, can form (201,202).  

Once initiated, blebs expand rapidly in size due to cytosolic fluid pressure, which 

depends on the contractile activity of myosin-II (203,204).   

PakBˉ cells formed massive bleb-like membrane protrusions much more 

frequently than wild-type cells when compressed beneath a glass coverslip or following 

electroporation.  This phenotype is consistent with immunofluorescence studies which 

show that the integrity of the cortical actin cytoskeleton is impaired in PakBˉ cells. PakBˉ 

cells also exhibited severe defects when forced to migrate under a layer of agarose, even 

though they display only mild defects during chemotaxis in a non-restrictive environment. 
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The under-agarose assay may be more typical of natural environments, such as the soil, 

where the amoebae need to force their way past obstacles (28).  PakBˉ cells were able to 

squeeze under the agarose layer but, in contrast to wild-type cells, underwent rapid shape 

changes and could not maintain a polarized morphology.  In the under agarose assay 

PakBˉ cells moved at one-fifth the speed of wild-type cells and turned more frequently, 

resulting in a lower directionality.  In contrast, in a non-restrictive environment PakBˉ 

cells chemotax with a speed and directionality equivalent to wild-type cells (130). The 

under agarose assay reveals that the PakBˉ cells are unable to effectively maintain their 

shape and have difficulty moving when they must apply a force to push past an obstacle.  

These defects are again consistent with a weakened cortical actin cytoskeleton. 

In all cases, the defects exhibited by PakBˉ cells were rescued by expression of 

PakB. Expression of PakB-ΔPL, however, rescued blebbing but not chemotaxis. PakB-

ΔPL forms dot-like aggregates that localize to the cortex of resting cells and accumulate 

at the posterior of migrating cells (127).  We have proposed that this localization is due to 

the presence of multiple actin filament-binding modules in the PakB-ΔPL aggregates, 

which causes them to bind very tightly to actin filaments (127,190). The mislocalization 

of PakB-ΔPL to the cell posterior may prevent it from properly regulating cortical 

functions during chemotaxis.   

3.5.2 Mechanisms by which PakB may control cortical cytoskeletal organization  

There are two mechanisms by which PakB could impact the organization of the 

cortical actin network: by participating in protein-protein interactions or by 
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phosphorylating substrate proteins. The N-terminal region of PakB interacts directly with 

actin filaments and with the SH3 domain of dAbp1 and is responsible for targeting PakB 

to dynamic actin-rich sites at the cell cortex.  dAbp1 contains an actin depolymerisation 

factor  homology (ADF-H) domain that interacts with actin filaments, so that the PakB-

dAbp1 complex has the potential to cross-link actin filaments and stabilize the cortical 

network. However, the N-terminal region of PakB (PakB-N) did not reduce bleb 

formation or improve the efficiency of chemotaxis under agarose when expressed in 

PakBˉ cells. The critical role that PakB plays in maintaining the integrity of the cortical 

actin cytoskeleton is therefore not mediated by its N-terminal protein-protein interaction 

region.  

In vitro assays show that PakB phosphorylates and activates the class I myosins 

MyoD and MyoK (122,131).  Initial studies showed that PakBˉ cells exhibit no 

significant defects in myosin-I-dependent processes such as pinocytosis or phagocytosis 

(90-92,127).  However, during chemotaxis PakBˉ cells exhibit defects in polarity and 

lateral pseudopod formation that parallel those found in myosin-I null cells (95,130,205). 

Moreover, expression of active PakB-ΔPL inhibits phagocytosis by 80% in wild-type 

cells but has no affect in MyoKˉ cells (131).  These results provide evidence that class I 

myosins are physiological targets of PakB.  

3.5.3 PakB phosphorylates the MyoD TEDS site 

Immunoblot analysis using anti-pMyoD showed that the levels of MyoD TEDS 

site phosphorylation are lower in resting and cAMP-stimulated PakBˉ cells than in wild-
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type JH10 cells (122,131).  These results provide direct evidence that PakB plays a major 

role in the phosphorylation and activation of MyoD in cells.  The loss of PakB did not 

affect the total amount of MyoD present in the membrane-skeleton fraction. This agrees 

with studies on MyoB, which show that cellular localization requires the motor domain 

but not motor activity (85,112).   

The time course described here for the cAMP-stimulated phosphorylation of 

MyoD in JH10 cells closely parallels that found for MyoB (206). In the prior study, 

which required immunoprecipitation of MyoB from cells loaded with 

[
32

P]orthophosphate, phosphorylation levels increased 3-fold within 60 seconds of cAMP 

addition and returned to baseline levels by 80 seconds.  Despite the similar time courses, 

MyoB and MyoD are likely to be phosphorylated by different protein kinases.  MyoB is a 

poor substrate for PakB and, as shown here, for PakA and PakC. 

3.5.4 PakA and PakC phosphorylate myosin-I  

Here we show that D. discoideum PakA and PakC, like PakB, are able to 

phosphorylate the myosin-I TEDS site.  PakA and PakC phosphorylated the motor 

domains of MyoA, MyoD and MyoE but not MyoB or MyoC.  The discovery that PakA 

and PakC phosphorylate myosin-I is not unexpected, given that their kinase domains 

share 63% and 71% sequence identity, respectively, with PakB.  Diverse members of the 

PAK family, such as yeast Cla4p and Ste20p and mouse PAK3, are able to phosphorylate 

and activate MyoD (125).   



 

89 

 

The results presented here and in previous work show that the D. discoideum class 

I myosins can be divided into two groups (122,131). MyoA, MyoD, MyoE and MyoK are 

good substrates for PAK family kinases, and thus are controlled by signaling pathways 

that activate Rac GTPases. MyoB and MyoC are poor PAK substrates and may be under 

the control of distinct signaling pathways.  In this context, it is interesting to note that 

MyoB exhibits some motor activity in its dephosphorylated state (192).  Nevertheless, 

phosphorylation of the TEDS site is required for MyoB to perform its cellular functions 

(93,206).  We predict that MyoF is also likely to be activated by PAKs, since its TEDS 

site sequence closely resembles that of MyoA and MyoE (Fig. 3.5A).   

PakA, PakB and PakC are highly divergent outside of the PBD and kinase 

domains and have distinct subcellular localizations.  In polarized, migrating cells PakA is 

enriched at the posterior, PakB is concentrated within the anterior pseudopod and PakC 

exhibits a general cortical/membrane distribution (127,130,132,133).  Defects in cell 

function are observed upon loss of any of the three PAKs, demonstrating that they have 

separate and distinct roles in the cell. PakB and PakC also share an overlapping function, 

since PakBˉ/PakCˉ double knockout cells exhibit stronger chemotaxis defects and move 

at a significantly slower speed than either PakBˉ or PakCˉ cells (130).  It can be 

speculated that PakA, PakB and PakC regulate myosin-I activity at different locations in 

the cell or during specific motile processes.  It can be predicted that the cortical defects 

observed here for PakBˉ cells might be further magnified by the loss of PakA or PakC.   
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3.5.5 Recognition of the TEDS site by PAKs 

The key determinants responsible for recognition of the myosin-I TEDS site by 

PAKs remain to be fully elucidated. TEDS site phosphorylation by Acanthamoeba 

myosin-I heavy chain kinase (a PAK family member) is enhanced by an amino-terminal 

basic residue and a Tyr at the +2 position (207).  These requirements are met by TEDS 

sites of the D. discoideum myosin-I isozymes, except that MyoE and MyoF have an Ile at 

the +2 position. The Ile substitution did not impair phosphorylation of MyoE by PakA or 

PakC, but could explain the relatively weak phosphorylation by mouse PAK3 (134).  It is 

not readily apparent why MyoB and MyoC, which have a consensus RxS/TxY sequence 

at the TEDS site, are not good substrates for PakA or PakC.  It is possible that 

phosphorylation of the TEDS site depends on the overall conformation of the 

cardiomyopathy loop, which could be altered by insertions, deletions and substitutions 

distant from the TEDS site. 

3.5.6 Class I myosins link actin filaments to cell membranes  

The basic TH1 tail domain allows class I myosins to physically link the actin 

cytoskeleton to cell membranes (84,86,208). The atypical MyoK lacks a TH1 domain, but 

is anchored to membranes via a C-terminal farnesyl group (131). The kinetic properties 

of the myosin-I motor domain support a role in tension generation. A small external load 

is sufficient to decrease the rate of ADP release from the myosin-I motor domain by >75-

fold. This causes the motor domain to remain attached to the actin filament for a much 

longer period of time (209).  As a result, myosin-I can switch from a state in which it 
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rapidly moves actin filaments to one in which it can sustain tension for extended periods 

of time. The effects of tension on the kinetic properties of the D. discoideum class I 

myosins have not been examined, but the rate at which ADP is released by MyoD and 

MyoE (but not MyoB) decreases as the Mg
2+

 concentration increases (210-212).  MyoD 

and MyoE can therefore be switched from motors that detach rapidly from the actin 

filament to tension-bearing motors that remain bound to the actin filament for long 

periods by changes in the local Mg
2+

 concentration. 

There is considerable evidence that myosin-I contributes to cortical tension 

generation in cells. Myo1a directly contributes to the generation of membrane tension in 

intestinal brush border microvilli (87). Loss of Myo1a causes microvilli to protrude large 

apical membrane extrusions that are morphologically similar to blebs (213).  D. 

discoideum lacking MyoA, MyoB or MyoC have a cortical tension similar to that of 

wild-type cells, but double mutants (MyoAˉ/Bˉ and MyoBˉ/Cˉ) have a cortical tension 50% 

lower than wild-type cells (93).  The absence of MyoK results in a thinner actin cortex, a 

significant reduction in cortical tension and the extrusion of exaggerated bleb-like 

lamellipodia (92). On the other hand, the overexpression of MyoB significantly enhances 

cortical tension, prevents the extension of large, actin-rich projections and compresses the 

filamentous actin into a thick band around the border of the cell (93,111). Importantly, 

overexpression MyoB in which the TEDS site is mutated to an alanine (S332A) does not 

disturb normal cellular function or increase cortical tension (93,111).  

In summary, we propose that the cortical abnormalities exhibited by PakBˉ cells 

are due to a reduced level of TEDS site phosphorylation, resulting in a loss in myosin-I 
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motor activity.  Based on the results presented here, loss of MyoD activity is most likely 

to account for the majority of the cortical defects.  Cells lacking MyoD do not show 

obvious behavioral defects (90,214), but our results suggest such defects might only 

become apparent once cells are subjected to an external stress.  
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Chapter 4 

Nucleotide and Peptide Substrate Binding Properties of the Alpha-

Kinase Domain of MHCK-A 

4.1 Abstract 

The alpha-kinases are a widespread protein kinase family characterized by a novel 

type of catalytic domain.  In this paper we analyze the nucleotide binding and peptide 

substrate recognition properties of the alpha-kinase domain of D. discoideum myosin-II 

heavy chain kinase-A (A-CAT).  Competition experiments with the fluorescent Mant-

ADP analog yielded Ki values for ATP of 18 ± 2 µM and 160 ± 30 µM in the presence 

and absence of Mg
2+

, respectively.  In the presence of Mg
2+

, A-CAT bound ADP and 

AMP with affinities 3-fold and 9-fold lower than ATP, respectively.  The results show 

that the Mg
2+

 ions and the phosphoryl groups substantially contribute to nucleotide 

binding to A-CAT. Mutations of residues in the Pi-pocket and N/D-loop reduced the 

binding affinity for MgATP by 4-fold, showing that both regulatory sites are coupled to 

the active site.  Analysis of SPOT peptide arrays phosphorylated with A-CAT and [γ-

32
P]ATP revealed a consensus phosphorylation recognition sequence of T-φ/K-φ/K-K/R.  

Unexpectedly, 
32

P was incorporated into peptides that did not contain Thr residues.  This 

apparent phosphorylation was not due to the non-specific binding of [γ-
32

P]ATP but was 

dependent on the presence of A-CAT. The incorporated 
32

P was acid labile and was 

dependent on the presence of Lys residues. 
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4.2 Introduction 

Protein kinases that phosphorylate protein play a major role in regulating the 

behavior of eukaryotic cells (215,216). Enzymes that function as protein kinases can be 

divided into two broad groups: the conventional protein kinases (CPKs), which share a 

common catalytic domain; and the protein kinase-like phosphotransferases (PKLs), 

which have catalytic domains distinct from the CPKs (217,218). Most eukaryotic protein 

kinases belong to the CPK superfamily. The human genome, for example, encodes 378 

CPKs and 40 PKLs (219). 

The alpha-kinases represent one small but highly conserved family of PKLs present 

in protozoa, fungi, and animals (60). The first alpha-kinase, a myosin II heavy chain 

kinase A (MHCK-A), was discovered in the social amoeba D. discoideum (42). MHCK-

A and three other closely-related MHCKs (B-D) block myosin II bipolar filament 

assembly by phosphorylating sites in the alpha-helical coiled-coil tail, and thus inhibit 

myosin II-dependent contractile processes (220). Two other alpha-kinases are present in 

D. discoideum. VwkA is associated with the contractile vacuole and is reported to 

regulate myosin II function, even though it does not directly phosphorylate myosin II 

(62,63) Alpha kinase 1 (AK-1) contains an Arf GTPase-activating protein (GAP) domain 

but its cellular function is not known.  

There are six mammalian alpha-kinases: eukaryotic elongation factor 2 kinase 

(eEF2K) kinase, TRPM6-7 and ALPK1-3. eEF2K shuts down protein synthesis by 
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phosphorylating and inhibiting the ribosomal translocation factor eEF-2 (75). TRPM6 

and TRPM7 are bifunctional proteins consisting of an ion channel domain that is 

permeable to divalent cations and an alpha-kinase domain (221,222). TRPM6 and 7 play 

a central role in Mg
2+

 homeostasis and, interestingly, phosphorylate the tail of non-

muscle myosin II to destabilize bipolar filament assembly (223-225). ALPK 1 is reported 

to phosphorylate myosin IA to regulate vesicle delivery from the Golgi to the plasma 

membrane and is a susceptibility gene for chronic kidney disease (226,227). ALPK3 

localizes to the nucleus where it is implicated in the cardiomyocyte differentiation and 

early cardiac development (228,229). 

The crystal structures of the alpha-kinase domains of TRPM7 (T7-CAT) and 

MHCK-A (A-CAT) have been solved (65,230). T7-CAT and A-CAT consist of N- and 

C-terminal lobes with the nucleotide bound into a cleft between the two lobes. The N-

lobe is rich in β-sheet, whereas the C-lobe is rich in α-helices and contains a tightly 

bound zinc atom that is essential for structural integrity. A-CAT binds three Mg
2+

 ions: 

one is associated with the nucleotide, one is bound within the active site cleft and one is 

bound by the N/D loop, which is positioned close to the active site. We have proposed 

that Mg
2+

-induced changes in the conformation of the N/D loop may regulate access of 

substrates to the active site (65).  

The C-lobe of A-CAT also binds a molecule of phosphate (Pi) at a site termed the Pi-

pocket. Mutations of the residues that constitute the Pi-pocket largely abolish A-CAT 

activity.  Similarly, the loss of an autophosphorylation site (Thr825) located in an 

unstructured sequence C-terminal to the alpha-kinase domain strongly inhibits A-CAT 
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activity. We have proposed that the phosphorylated Thr825 residue activates A-CAT by 

providing an intramolecular ligand for the Pi-pocket (74).  

Although the alpha-kinases and CPKs share little sequence identity, their active sites 

have similar architectures. In particular, many of the key catalytic residues in the CPK 

active site have clear counterparts in the alpha-kinase active site (217). It should be noted, 

though, that the manner in which the catalytic residues interact with nucleotide, Mg
2+

 and 

other catalytic residues can be quite different for each type of kinase (74,230). It is well 

established that the CPKs catalyze a direct in-line transfer of the γ-phosphate of ATP to 

the protein substrate (66,231). The similar nature of the alpha-kinase active site suggests 

that they are likely to employ the same catalytic mechanism. It was therefore a surprise to 

find that a key catalytic aspartic acid residue (Asp766) is autophosphorylated in the 

crystal structure of A-CAT.  The location of the phospho-Asp766 is consistent with the 

possibility that it may be an intermediate in the phosphotransferase reaction. If the alpha-

kinase catalytic mechanism involves the formation of an aspartylphosphate intermediate, 

then it would provide a major point of distinction with the CPKs.  

Few studies have been performed to evaluate the properties of the alpha-kinase 

active site. Here we use fluorescent analogs of ATP and ADP to measure the binding 

affinity of nucleotides for wild-type and mutant forms of A-CAT.  The results show that 

the nucleotide binding profile of the alpha-kinases differs considerably from that of CPKs, 

and confirms that the N/D loop and Pi pocket can affect nucleotide binding to the active 

site. In addition, we used SPOT peptide arrays to systematically define the pattern of 

amino acids that targets A-CAT to peptide substrates. The results indicate that A-CAT 
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prefers to phosphorylate Thr residues within the context of a T-φ/K-φ/K-K/R consensus 

sequence and, unexpectedly, provide evidence that A-CAT may also phosphorylate 

residues other than Thr. The results presented here help to further elucidate the distinctive 

catalytic properties of the alpha-kinases. 

4.3 Material and Methods 

4.3.1 Chemicals and Reagents 

Adenosine 5-O-(3-thio)triphosphate (ATPγS; Nu-406, lithium salt) and 2/3-O- (N-

Methyl-anthraniloyl)-adenosine-5-diphosphate or -triphosphate (Mant-ADP and Mant-

ATP; Nu-201 and Nu-202, triethylammonium salts) were purchased from Jena 

Bioscience.  ATP (A2383), ADP (A2754), AMP (01930), GTP (G8877) and UTP 

(U2625) were purchased from Sigma-Aldrich. [γ-
32

P]ATP was obtained from 

PerkinElmer, Inc.   

4.3.2 Fluorescence analysis of Mant-nucleotide binding to A-CAT 

All binding assays were performed in 20 mM Tris, 50 mM NaCl, 1 mM dithiothreitol, 

pH 7.0. Some reactions contained 2 mM or 10 mM MgCl2. Reaction mixtures (100 µl) 

contained 28 µM Mant-ADP/ATP, 2 µM A-CAT or a mixture of 28 µM Mant-ADP/ATP 

and 2 µM A-CAT. Samples were placed into 1 cm x 0.1 cm quartz fluorescence cuvettes 

at 10 °C and fluorescence spectra recorded and averaged using a PTI QuantaMaster 

fluorometer measuring counts per second (cps) in digital mode.  Excitation and emission 

slits were set to 2 nm and 5 nm respectively. To monitor protein intrinsic fluorescence, 
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the excitation wavelength was set to 280 nm and emission spectra were recorded from 

300 to 550 nm. To monitor Mant-nucleotide fluorescence, the excitation wavelength was 

set to 340 nm and emission spectra were recorded from 390 to 550 nm.  

Competition experiments were carried out at 4°C using 96-well plates.  Individual 

wells contained 100 µl of reaction mixture with Mant-ADP concentrations ranging from 

0-100 µM. Control wells contained no protein and sample wells contained 5 µM A-CAT.  

Competition assays were performed by adding the nucleotide of interest to both the 

control and sample wells. The plates were loaded onto a fluorescence plate reader and 

maintained at 25°C. Excitation and emission slits were set to 5 nm. Three data sets were 

recorded: fluorescence emitted at 331 nm following excitation at 280 nm was used to 

monitor the protein peak; fluorescence emitted at 430 nm following excitation at 340 nm 

was used to monitor the Mant probe; and fluorescence emitted at 430 nm following 

excitation at 280 nm was used to monitor energy transfer from A-CAT to the Mant probe. 

The titration curve was generated by subtracting the energy transfer peak of the blank 

from the sample containing A-CAT. Each titration was repeated at least twice in 

independent experiments.  

4.3.3 Fluorescence data analysis  

Binding of the Mant nucleotide (M) to a protein (A) can increase fluorescence 

emission at 440 nm following excitation at 280 nm due to resonance energy transfer from 

nearby phenylalanine and tyrosine residues. The increase in fluorescence (∆F) depends 

on the concentration of nucleotide bound to the protein (Eq 1), 
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(1)            

where [MA] is the concentration of Mant-nucleotide-protein complex and Q is a 

multiplicative constant that reflects both the photophysical properties of the probe     

and the sensitivity of the fluorometer. The dissociation constant (Kd) can be described by 

Eq 2.  

(2)     
        

    
 

                      

    
 

 

Combining equations (1) and (2) gives,  

(3)      
                √               

 
           

    
 

where [A0] and [M0] are the initial concentrations of protein and Mant-nucleotide 

respectively. For the experiments described here the [A0] was fixed and the [M0] was 

varied. A fit of    vs [M0] curve using Eq3 yields values for Kd and QMA. QMA reflects 

the photo-physical properties of the Mant-nucleotide-protein complex. Mant nucleotides 

are environmentally sensitive probes that display increased fluorescence and a blue shift 

of the emission maximum when exposed to a hydrophobic environment (232). The ratio 

of QMA for mutant A-CAT/wild-type A-CAT ( ) gives information on conformational 

and environmental changes in the nucleotide binding pocket. 

A Ki value can be calculated for nucleotides that compete with Mant-nucleotide for 

binding to the protein,  

(4)     
            

(       
    )
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where K
o
 is the dissociation constant of Mant-ADP and Kobs is the dissociation constant 

at a given nucleotide concentration. For competitive binding, the Ki value for a nucleotide 

equals Kd.   

4.3.4 Phosphorylation of SPOT peptide arrays 

SPOT peptide arrays were synthesized on membrane sheets by Dr. George Baillie, 

Univ. of Glasgow.  SPOT arrays were first activated by soaking in 100% ethanol, 

washing with TBST and blocking overnight in 5% PhosphoBLOCKER reagent (Cell 

Biolabs, Inc.) containing 0.5 mM dithiothreitol and 1 mM ATP at 4°C. Phosphorylation 

reactions were performed by incubating the SPOT arrays with 0.05 µM A-CAT for 30 

min at 37°C in 10 ml of phosphorylation buffer (20 mM TES pH 7.0, 2 mM MgCl2, 1 

mM dithiothreitol, 0.2 mg/ml BSA, 0.25 mM ATP) containing 15 µCi [γ-
32

P]ATP (10 

cpm/pmol ATP).  SPOT arrays were then washed 3 times for 15 minutes each time with 1 

M NaCl, then 5% H3PO4 and finally 95% ethanol. The SPOT array was air dried and 

autoradiography was carried out using an intensifying screen cassette (Kodak BioMax 

MS).  
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4.4 Results 

4.4.1 Binding of Mant-ATP and Mant-ADP to A-CAT  

The excitation of Mant-ATP at 340 nm resulted in fluorescence emission with a peak 

at 440 nm (Fig. 4.1A). At this excitation wavelength, the presence of A-CAT only 

slightly increased Mant-ATP fluorescence. However, when an excitation wavelength of 

280 nm was used, Mant-ATP fluorescence increased 4-fold in the presence of A-CAT 

(Fig. 4.1B). The increase in fluorescence can be ascribed to resonance energy transfer 

from nearby protein phenylalanine and tyrosine residues (Fig. 4.1C). 

The increase in fluorescence following excitation at 280 nm was used to monitor the 

binding of Mant-ATP to A-CAT in the presence and absence of Mg
2+

 (Fig. 4.2A).  

Analysis of the data yielded a Kd value of 4.3 ± 1.9 µM in the presence of Mg
2+

 and 12.4 

± 2.2 µM in the absence of Mg
2+

 (Table 4.1). Experiments were also carried out to 

measure the binding affinity of Mant-ADP to A-CAT. Mant-ADP bound with a Kd value 

of 15.8 ± 0.7 µM in the presence of Mg
2+ 

and 68.9 ± 1.2 µM in the absence of Mg
2+

 (Fig. 

4.2B and Table 4.1). The results show that Mg
2+

 ions and the γ-phosphate group 

substantially enhance the affinity of nucleotides for A-CAT. 

4.4.2 Competition experiments with Mant-ADP  

A-CAT exhibits ATPase activity (65) and preliminary experiments showed that it 

can also slowly hydrolyze Mant-ATP to Mant-ADP. To avoid this problem, Mant-ADP  
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Fig. 4.1 Mant-ATP binding assay. 

 (A) Fluorescence emission spectra for Mant-ATP in the presence and absence of A-

CAT upon excitation at 340 nm. The presence of A-CAT has little effect on the 

fluorescence emission of Mant-ATP.  (B) Spectra for Mant-ATP, A-CAT and Mant-ATP 

with A-CAT following excitation at 280 nm. The presence of A-CAT increases Mant-

ATP fluorescence at 440 nm. Mant-ATP, A-CAT and MgCl2 concentrations were 28 µM, 

2 µM and 10 mM, respectively. (C) Resonance energy transfer between A-CAT and 

Mant-ATP. Excitation at 280 nm causes phenylalanine and tyrosine residues in A-CAT to 

emit energy at 340 nm, which can excite bound, but not free, Mant fluorophore. The 

fluorescence increase at 440 nm (∆F
440

) can be used to monitor the interaction of Mant-

ATP with A-CAT. 
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Fig. 4.2 Binding of Mant-ATP and Mant-ADP to A-CAT.  

The change in fuorescence energy transfer at 440 nm (∆F
440

) was measured using a 

fluorometer as the concentrations of (A) Mant-ATP and (B) Mant-ADP were varied in 

the presence of 2 mM Mg
2+ 

(closed circles) or absence of Mg
2+

 (open circles). The Y axis 

shows   /  max and the X axis shows total nucleotide concentration [Mo]. 
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Table 4.1 Binding affinity of A-CAT for Mant-ATP and Mant-ADP in the presence 

and absence of 2 mM Mg
2+

. 

Mg
2+

 
Mant-ATP 

Kd (µM) 

Mant-ATP 

Q 

Mant-ADP 

Kd (µM) 

Mant-ADP 

Q 

+ 4.3 ± 1.9 1965 ± 77 15.8 ± 0.7 3722 ± 464 

- 12.4 ± 2.2 1469 ± 124 68.9 ± 1.2 3389 ± 343 

 

was used to carry out competition binding experiments with other nucleotides. 

Competition experiments with ATP yielded a Ki value of 18 ± 2 µM in the presence of 

Mg
2+

 and 160 ± 30 µM in the absence of  Mg
2+

 (Fig. 4.3, Table 4.2). In the presence of 

Mg
2+

, ADP and AMP bound to A-CAT with affinities 3-fold and 9-fold lower than 

MgATP, respectively (Table 4.2). Adenosine 5-[γ-thio] triphosphate (ATP-γ-S) bound to 

A-CAT with an affinity comparable to ADP. However, experiments with ATP-γ-
35

S 

showed that A-CAT could not use it as a substrate to phosphorylate myelin basic protein. 

A-CAT bound GTP and UTP very weakly, demonstrating a high degree of selectivity for 

the adenosine group (Table 4.2).  

4.4.3 Nucleotide binding properties of Pi-pocket mutants  

The mutation of Thr736 to alanine eliminates binding of Pi to the Pi-pocket and 

reduces A-CAT activity by 95% (74). A similar loss in activity is observed when the C-

terminal tail is truncated at residue 809 (A-CAT-ΔTail) resulting in the loss of the Thr825 

autophosphorylation site. A-CAT-T736A and A-CAT-ΔTail bound Mant-ATP and   
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Fig. 4.3 ATP competes with Mant-ADP for binding to A-CAT.  

The change in fluorescence energy transfer at 440 nm (∆F
440

) was measured as the 

concentration of Mant-ADP was varied in the presence of 0, 12, 40 and 80 µM ATP.  

Assays contained 2 mM Mg
2+

.  Analysis of the data yields a Ki value for MgATP of 18 ± 

2 µM. 
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Table 4.2 Binding affinity of A-CAT for various nucleotides determined by 

competition with Mant-ADP in the presence and absence of 2 mM Mg
2+

. 

Mg
2+

 
Nucleotide Ki (µM) 

ATP ADP AMP ATP-γ-S GTP UTP 

+
 18 ± 2 49 ± 12 164 ± 60 55 ± 10 666 ± 354 NB* 

-
 160 ± 30 146 ± 23 104 ± 29 ND* ND ND 

 

*NB, no binding detected; ND, not determined 

 

 

Table 4.3 Binding affinities and ε values of A-CAT mutants for Mant-ATP/ADP in 

the presence and absence of 2 mM Mg
2+

.  

Construct 
Mant-ATP + Mg

2+
 Mant-ATP - Mg

2+
 

Kd (µM)   ratio Kd (µM)   ratio 

A-CAT 4.3 ± 1.9 1.3 ± 0.1 12.4 ± 2.2 1 ± 0.1 

T736A 2.5 ± 1.9 1.8 ± 0.2 9.5 ± 1.6 1.2 ± 0.1 

ΔTail 3.4 ± 2.8 1.8 ± 0.1 14.9 ± 1.6 1.2 ± 0.1 

Construct Mant-ADP + Mg
2+

 Mant-ADP - Mg
2+

 

A-CAT 16 ± 0.7 1.1 ± 0.1 69 ± 1.2 1 ± 0.1 

D766S 8.1± 1.9 0.5± 0.1 11± 1.5 0.5± 0.1 

T736A 16 ± 1.3 1.2 ± 0.1 75 ± 3.5 1.2 ± 0.1 

ΔTail 18 ± 1.3 1.3 ± 0.1 79 ± 3.5 1.1 ± 0.1 

G778A 8 ± 1.2 0.6 ± 0.1 55 ± 7.0 0.8 ± 0.1 

G780A 46 ± 4.0 1.8 ± 0.2 57 ± 7.2 0.8 ± 0.1 
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Mant-ADP with an affinity similar to that of wild-type A-CAT (Table 4.3), but in 

competition experiments bound MgATP 5-7 times more weakly than wild-type A-CAT 

(Table 4.4). In the presence of 2 mM Mg
2+ 

the ε ratio for Mant-ATP was considerably 

higher for A-CAT-T736A and A-CAT-ΔTail than for wild-type A-CAT (Table 4.3). The 

increased value of ε indicates that the Mant probe is in a more hydrophobic environment.  

The results provide evidence that the Pi-pocket and its putative ligand (pThr825) directly 

influence binding of the nucleotide to the active site. 

4.4.4 Nucleotide binding properties of ND loop mutants 

Mutation of Gly778 or Gly780 in the N/D-loop to alanine decreases A-CAT activity 

by 20-fold. The G780A mutant decreased the binding affinity for Mant-ADP by 3-fold 

and in competition experiments decreased binding of MgATP by 4-fold (Table 4.3and 

Table 4.4).  In contrast, the G778A mutation had divergent effects on Mant-ADP and 

MgATP binding affinity: Mant-ADP binding increased by 2-fold but MgATP binding 

decreased by 4-fold (Table 4.3 and Table 4.4). The results suggest that the two mutations 

stabilize distinct conformations of the N/D-loop, with the G778A mutant promoting a 

conformation that specifically favors interactions with the Mant group.  The ε ratio also 

diverged for the G778A and G780A mutants, which supports the view that environment 

of the Mant group is different in the two mutants (Table 4.3).  
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Table 4.4 Binding affinity of A-CAT mutants for ATP determined by competition 

with Mant-ADP in the presence of 2 mM Mg
2+

.  

Construct 
Ki MgATP 

(µM) 

A-CAT 18 ± 1.4 

D766S 26 ± 6.1 

T736A 127 ± 25 

ΔTail 87 ± 27 

G778A 81 

G780A 62 

4.4.5 Phosphorylation of peptide SPOT arrays using A-CAT  

In order to define the consensus sequence recognized by A-CAT, a peptide array was 

constructed using SPOT synthesis. The starting point for the S1 SPOT array was a known 

A-CAT peptide substrate with a single Thr residue (the phosphorylation site, 0 position) 

followed by Lys residues in the +1, +3 and +4 positions (Fig. 4.4A). The S1 SPOT array 

consisted of peptides in which residues in the -3 to the +4 positions were individually 

substituted with the 19 other amino acids (Fig. 4.4B). The SPOT array was incubated 

with A-CAT and [γ-
32

P]ATP, extensively washed as described in Materials and Methods 

and subjected to autoradiography.  

The autoradiogram shows that many peptides in the S1 array were phosphorylated by 

A-CAT (Fig. 4.4B). Surprisingly, peptides in which Thr at the 0 position was replaced 

with a non-phosphorylatable residue, such as Ala, Met, Ile and Val, were apparently 



 

109 

 

highly phosphorylated. This result raised the possibility that [γ-
32

P]ATP may bind in a 

non-specific manner to the SPOT array. Control experiments showed, though, that the S1 

SPOT array contained no detectable radioactivity when incubated with [γ-
32

P]ATP in the 

absence of A-CAT. 

Two possible explanations can be proposed for the apparent phosphorylation of 

peptides that do not contain Thr. First, A-CAT may phosphorylate an amino acid other 

than Thr. Second, A-CAT may bind tightly but non-covalently to certain peptides in the 

SPOT array and bring with it non-covalently bound [γ-
32

P] ATP or 
32

Pi. For the 

remainder of this chapter, we will refer to the 
32

P incorporated into sites other than Thr as 

“atypical phosphorylation”. 

4.4.6 Atypical Phosphorylation is removed by acid treatment  

Phosphomonoesters (Ser, Thr and Tyr) are highly stable in acid whereas 

phosphoramidates (Arg, His, Lys) and acylphosphates (Asp, Glu) are extremely acid-

labile. We therefore tested whether incubation of the S1 array under acidic conditions (8% 

trichloroacetic acid (TCA) for 30 min at 37°C) reduced the level of atypical 

phosphorylation. Following acid treatment, the amount of 
32

P incorporated into peptides 

that do not contain Thr was greatly reduced relative to that of the Thr-containing peptide 

(see row 0, Fig. 4.4C). This result supports the view that some of the 
32

P incorporated  
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Fig. 4.4 Autoradiograms of the S1 peptide array phosphorylated using A-CAT and 

[γ-
32

P]ATP. 

(A) Sequence of the peptide used as the starting point for the SPOT array. SPOT 

arrays were constructed by substituting residues in the -3 to +4 positions (blue) with 

every other amino acid. (B) Autoradiogram of the SPOT array after incubation with A-

CAT and [γ-
32

P]ATP. Each row shows a particular amino acid position (from -3 to +4) 

substituted with each of the 20 amino acids (indicated at the top in single letter code). 

Note that substitution of the Thr residue at the 0 position did not prevent peptide 

phosphorylation. (C) Autoradiogram of the SPOT array in (B) following treatment with 8% 

TCA at 37°C for 45 minutes. Note that the remaining phosphorylation is strongly 

dependent on the presence of Thr at the 0 position and Lys at the +3 position. 
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into the S1 SPOT array is present as phosphoramidates or acylphosphates. Since the acid-

washed S1 array contains predominately phosphothreonine, it can be used to gain insights 

into the consensus sequence recognized by A-CAT to phosphorylate Thr residues.  

4.4.7 Requirements for Thr phosphorylation  

Analysis of the acid-washed S1 SPOT array showed that phosphorylation was not 

significantly affected by the nature of the residues N-terminal to the Thr phosphorylation 

site (Fig. 4.4C and Table 4.5). At the +1 site, residues with large aliphatic side chains 

such as Val and Ile were preferred, although Arg, Lys and Met also supported 

phosphorylation. Lys or hydrophobic residues were preferred at the +2 site and Lys or 

Arg were favored at the +3 site. At the +4 site, phosphorylation levels were highest with 

Asp or Cys, although Ala, Gly, His, Met and Thr also supported phosphorylation. Taken 

together, the results support a T-φ/K-φ/K-K/R consensus sequence. Peptide 

phosphorylation was strongly inhibited by Pro, Asp or Gly at the P+1 position and by Pro 

and Glu at the +4 position.  

4.4.8 Requirements for atypical phosphorylation  

To examine the consensus sequence for atypical phosphorylation, a SPOT array (S2) 

was constructed based on a peptide that is predicted to be a poor conventional substrate 

for A-CAT (Fig. 4.5A).  The peptide contains a Thr in the +4 position that is not likely to 

be recognized by A-CAT due to the presence of Asp and Glu in the +5 and +6 positions.  
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Table 4.5 Requirements for Thr phosphorylation   

The amount of 
32

P incorporated into the S1 peptide array (RYAYDTKIKKDEFLR) 

by A-CAT. The peptide array was treated with TCA to remove non-Thr phosphorylation. 

 

P Highest Lowest 

-3 D (1.25)* Q(0.6)  I,K(0.75) 

-2 C,G(1.4) F(1.25) V(0.75) 

-1 NS R(0.6) 

0 NA NA 

+1 
V, I(2.0~2.2) 

L,Q,M,K(1.3~1.4), 
P(0.3) G,D(0.4) N,W(0.5) 

+2 I(1.7) F,T,C,V,K(1.3~1.4) D,E,H(0.5) 

+3 K(2.0) A,R,C,S(1.3~1.4) E,G,I,P(0.6) 

+4 D(2.4) C(1.9) G,T, A(1.5~1.6) P(0.04), E(0.1) Y(0.5) 

 

* Values in brackets show the fold change in 
32

P incorporation when the indicated residue 

was incorporated into the peptide.  

NA: Not applicable since the 0 site is Thr phosphorylation site.  

NS:  Not significant different from average intensity.  
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In the S2 SPOT array residues in the 0 to +9 positions of the peptide were substituted 

with the 19 other amino acids. After extensive washes, a considerable amount of 

radioactivity remained associated with the S2 peptide array (Fig. 4.5B). Nearly all the 

radioactivity was removed following acid treatment, showing that it is not due to the 

phosphorylation of Ser, Thr or Tyr residues (Fig. 4.5C). Of note, the single peptide that 

remained phosphorylated after acid treatment contained Thr at the 0 position, thus 

reconstituting a TKIK consensus phosphorylation motif. 

Analysis of the S2 array prior to acid treatment provides insights into the consensus 

sequence needed to phosphorylate atypical residues (Fig. 4.5B and Table 4.6). Atypical 

phosphorylation was strongly enhanced by the introduction of a Lys residue into most 

positions and was completely dependent on the presence of Lys residues at the 0, +1 and 

+3 positions.  The results can most readily be interpreted as the phosphorylation of one or 

more Lys residues. Atypical phosphorylation was strongly inhibited by Pro at the +4 and 

+5 positions and by Glu at the +4 to +9 positions, suggesting that A-CAT prefers to 

phosphorylate Lys residues in alpha-helical and positively charged sequences.  
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Fig. 4.5 Autoradiograms of the S2 peptide array phosphorylated using A-CAT and 

[γ-
32

P] ATP.  

(A) Sequence of the peptide used as the starting point for the SPOT array. SPOT 

arrays were constructed by substituting residues in the 0 to the +9 positions (blue) with 

every other amino acid. (B) Autoradiogram of the SPOT array after incubation with A-

CAT and [γ-
32

P]ATP, labeled as described in Fig. 3.4B. Phosphorylation does not require 

the Thr residue at the +4 position but depends on Lys residues at the +1 and +3 positions. 

(C) Autoradiogram of the SPOT array in (B) following treatment with 8% TCA at 37°C 

for 45 minutes. The incorporated 
32

P is acid-labile except for a single peptide (Thr at the 

0 position) which reconstitutes a TKxK consensus sequence. 
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Table 4.6 Quantitation of 
32

P incorporated into the S2 peptide array (RYAYD-

KIKKTDEFLR) by A-CAT.  

Most 
32

P is present on residues other than Thr.     

P Highest Lowest 

0 T(3.6)K(1.9)* E(0.3) D(0.5) 

+1 K NA 

+2 K(1.7), F(1.6) P(0.4) Q,E(0.6) W(0.7) 

+3 K NA 

+4 K(2.3) V(1.5) Y(1.4) 
E(0.03) P(0.1) 

R(0.4) Q(0.6)C,D(0.7) 

+5 K,S(1.6),A,G(1.4), P(0.04)C,E,W (0.6) 

+6 K(1.3) I(0.7) 

+7 K(1.8)  P,W,F (1.5)  Y(1.4) E (0.3) C(0.6) 

+8 K(1.9) G,A(1.3) E(0.4) T(0.6) S(0.7) 

+9 K(1.7) G,V(1.4) E,C(0.5) Q,N(0.6) 

 

* Values in brackets show the fold change in 
32

P incorporation when the indicated residue 

was incorporated into the peptide. 

 ND: not determined since the intensity of most spots are too low.  
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4.5 Discussion 

4.5.1 Nucleotide binding properties of A-CAT  

Mant-nucleotides have been widely used to characterize the nucleotide binding 

properties of enzymes (233). The compact nature of the Mant fluorophore and its 

attachment to the ribose ring means that it only minimally perturbs most nucleotide-

protein interactions (Fig. 4.6A). Our results show that Mant group increases the affinity 

with which A-CAT binds MgATP and MgADP by about 3-fold. Modeling studies show 

that the Mant group projects out of the A-CAT active site, where it could potentially 

make hydrophobic contacts with the side chains of Phe720, Lys721 and Lys722.  

 In the presence of Mg
2+

 ions, ATP binds to A-CAT about 3-times more tightly than 

ADP and 10-times more tightly than AMP. The results demonstrate that electrostatic 

contacts with the negatively charged phosphate groups play an important role in the 

binding of nucleotides to A-CAT. This differs from PKA, where the adenine moiety 

makes the dominant contribution to nucleotide affinity. As a result, PKA exhibits similar 

binding affinities for ATP, ADP and adenine (66,234,235). The A-CAT nucleotide 

binding site is more open than that of PKA, and so may provide a less hydrophobic 

environment to bind the adenine group (Fig. 4.6B). Nevertheless, the A-CAT active site 

is specific for adenine, and exhibits very weak binding affinities for GTP and UTP.  The 

specificity may result from ionic interactions between the side chain carboxyl group of 

the invariant Glu713 residue and the N-6 exocyclic amino group.   
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Fig. 4.6 Nucleotide binding by A-CAT.  

(A) The molecular structure of Mant-ATP. (B) Surface representation of A-CAT 

bound to ATP (left panel, PBD 3LMI) or with Mant-ADP modeled into the active site 

(middle panel). The right panel shows PKA in a complex with ATP (PBD 1ATP). The 

crystal structure of Mant-ADP is taken from a co-crystal with the Dictyostelium myosin 

II motor domain (PBD 1LVK). (C) Comparison of the active sites of A-CAT (left panel) 

and PKA (right panel) showing key catalytic residues. ATP is shown as thin green sticks 

and Mg2+ ions as dark blue spheres. The high and low affinity Mg2+ ions bound to PKA 

are labeled Mg1 and Mg2, respectively. 
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A-CAT contains two invariant basic residues (Arg592 and Lys645) that interact with 

the α- and β-phosphoryl groups of ATP, whereas PKA has a single basic residue (Lys72) 

for PKA (Fig. 4.6C). The extra Arg592 basic residue is located in the P-loop of A-CAT. 

The P-loop is flexible and undergoes conformational changes that shift the position of the 

Arg592 side chain, so that it is able to interact in various ways with the α- and/or β-

phosphates of AMP, ADP and ATP. Because PKA binds ATP and ADP with similar 

affinities, release of the ADP product is the rate limiting step in the catalytic mechanism 

(66). The lower affinity of A-CAT for ADP relative to ATP suggests that ADP release is 

unlikely to represent the rate limiting step in its catalytic mechanism. 

A-CAT requires either Mg
2+

or Mn
2+

 for catalytic activity (49). Here we show that 

Mg
2+

 increases the binding of ATP and ADP to A-CAT by 9-fold and 3-fold, respectively. 

The active site of A-CAT contains two Mg
2+

 ions that could be involved in these 

processes.  The structure of the A-CAT-D766A mutant in a complex with ATP contains a 

Mg
2+

 ion (Mg1) is chelated by the 3-hydroxyl group of ribose, the nucleotide phosphoryl 

groups and the side chain of the invariant Gln758 residue (Fig. 4.6C) (65). A similarly 

positioned Mg
2+

 ion is present in the crystal structure of the T7-CAT in a complex with 

ADP (230). Mg1 could stabilize the binding of ATP/ADP to A-CAT by neutralizing 

negative charges on the phosphate groups and by interactions with Gln758.  In some A-

CAT crystal structures a second Mg
2+

 ion (Mg2) is located in an acidic pocket adjacent to 

the nucleotide binding site (Fig. 4.6C). Mg2 could stabilize the binding of ATP/ADP by 

positioning the side chain of the invariant Asp766 so as to minimize electrostatic 
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repulsion with the nucleotide phosphates. Further studies will be required to distinguish 

the relative roles of M1 and M2 in promoting the binding of ATP/ADP to A-CAT. 

A-CAT crystallized from buffers containing millimolar levels of Mg
2+

 and ATP 

invariably has ADP or AMP in the active site. This result is surprising, since at room 

temperature A-CAT hydrolyzes ATP to ADP at a rate of 0.03 s
-1

 and ADP to AMP with 

at least a 100 times slower rate (65). Given these low rates, only a small fraction of the 

ATP in the buffer would be converted to ADP or AMP during the growth of A-CAT 

crystals at 4 ⁰C. The crystal structures results suggested that A-CAT may bind MgADP 

and MgAMP with a higher affinity than MgATP, but the results presented here show that 

this is not the case.  It therefore seems that the nucleotide may become trapped in the A-

CAT active site during crystal growth and is not freely exchangeable with the bulk 

MgATP in the buffer. The structural features that prevent the nucleotide from exiting the 

active site are not readily apparent from the crystal structure of A-CAT. 

4.5.2 The Pi pocket and ND-loop influence nucleotide binding to the active site 

The Pi molecule bound to the C-terminal lobe interacts with the side chains of 

Lys684, Arg734 and Thr736 (Fig. 4.7A). We have proposed that the ligand for the Pi-

pocket is provided by phosphorylation of Thr825, which is located in the flexible C-

terminal linker sequence (74). Here we show that the T736A mutant and the ΔTail mutant 
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Fig. 4.7 Structure of the Pi-pocket and N/D-loop of A-CAT.  

(A) Structure of Pi bound to the Pi-pocket. The Pi molecule interacts with the side 

chains of Arg734, Lys684, and Thr736 and the main chain carbonyl of Ser735 (dotted 

lines). The side chain of Arg734 forms a salt bridge with Asp762 in the catalytic loop. (B) 

The N/D loop is shown in the active Asn-IN conformation, in which the side chain of the 

invariant Asn781 residue (orange) is buried in the center of the loop. A Mg
2+

 ion (Mg3, 

dark blue sphere) is coordinated by the main chain carbonyls of Gly774, Gly776 and 

Gly778 and by three molecules (red spheres). Both structures are from PBD 3LKM. 
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 (which lacks Thr758) bind MgATP with a lower affinity than wild-type A-CAT (Table 

IV). The results provide direct evidence that ligand binding to the Pi-pocket can influence 

the conformation of the active site.  

The N/D-loop of A-CAT adopts the active Asn-IN conformation , whereas the T7-

CAT N/D-loop adopts the inactive Asn-OUT conformation (65,230) ( Fig. 4.7B). We 

have proposed that the binding of a Mg
2+

 ion (Mg3) to the N/D-loop stabilizes the active 

Asn-IN conformation. Mutation of either Gly778 or Gly780 to alanine severely inhibits 

A-CAT activity, possibly by disrupting the Mg3 binding site. Here we show that the 

G778A and G780A mutations have opposite effects on Mant-ADP binding, which 

indicates that they stabilize different N/D-loop conformations. Nevertheless, both 

mutants exhibited a decreased affinity for MgATP, demonstrating that changes in the 

conformation of the N/D loop can directly affect the ability of the active site to bind 

nucleotide.  

The Pi-pocket and N/D-loop mutants decreased the binding affinity for MgATP by 

4-7-fold but reduce kinase activity by 20-fold. The results suggest that the mutations are 

also likely to inhibit peptide substrate binding or reduce the catalytic efficiency of A-

CAT.  

4.5.3 A-CAT Consensus Recognition Sequence  

Protein kinases function in a ternary complex with ATP and the peptide or protein 

substrate. The factors that direct A-CAT to specifically phosphorylate residues located in 

certain sequence/structural contexts are still incompletely understood. Like other protein 
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kinases, A-CAT recognizes sequence patterns surrounding the target Thr residue. 

Previous analysis using a degenerate peptide library approach suggested that A-CAT 

prefers to phosphorylate peptides with Tyr residues in the -2 and -4 positions and basic 

residues in the +1 to +4 positions (72).  Analysis of this consensus sequence using a 

number of different peptide substrates resulted in a revised consensus sequence of S/T/Y-

x-T-R/K-R/K-R/K-R/K (69).  In this study we used SPOT peptide arrays to further 

analyze A-CAT substrate specificity. The major advantage of the peptide array approach 

is that it allows a large number of peptides, each differing by a single amino acid, to be 

tested for their ability to function as an A-CAT substrate. The systematic incorporation of 

every amino acid into each of the key positions in the peptide provided a much more 

detailed picture of the A-CAT consensus recognition sequence than do the previous 

studies.    

The most surprising result was that incubation of the peptide arrays with A-CAT and 

[γ-
32

P]ATP resulted in the incorporation of 
32

P into peptides that lacked Thr residues. 

Control experiments showed that the phosphorylation was not due to non-specific 

binding of [γ-
32

P]ATP to the peptide array, but was absolutely dependent on A-CAT. The 

atypical phosphorylation could be due to (1) the phosphorylation of an amino acid other 

than Thr or, (2) the tight non-covalent binding of A-CAT to certain peptides in the SPOT 

array. If (2) is correct, then the radioactivity might be due to the autophosphorylation of 

A-CAT (resulting in incorporation of 
32

P) or the binding of [γ-
32

P]ATP. Previous work 

has shown that A-CAT isolated from bacteria is already in a fully autophosphorylated 

state and incorporates only low amounts of 
32

P following incubation with [γ-
32

P]ATP 
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(74). Thus A-CAT autophosphorylation is not likely to account for the significant amount 

of radioactivity associated with the peptide array.  The possibility that A-CAT remains 

bound to [γ-
32

P]ATP cannot be ruled out, although we suspect that the extensive washes 

in 1 M NaCl, 5% phosphoric acid and 95% ethanol (see Materials and Methods) would 

be more than sufficient to dissociate ATP from the active site, given that it binds with an 

affinity that is in the low µM range.    

Acid treatment eliminated most of the 
32

Pi associated with the S2 peptide array, 

showing that it is not covalently attached to Ser, Thr or Tyr residues. The acid-labile 

nature of the radioactivity is consistent with the phosphorylation of Asp, His, Arg or Lys 

residues. X-ray crystal structures of A-CAT provide clear evidence for the 

autophosphorylation of Asp766 in the active site.  In two-component phospho-relay 

systems, aspartylphosphate residues are used to phosphorylate Asp or His residues on 

protein substrates (236). However, no increase in atypical phosphorylation occurred upon 

incorporation of His or Asp into the S2 peptide array, and substitution of the Asp at the 

+5 position with Ala, Lys, Ser and other residues increased phosphorylation levels (Fig. 

4.5B). Similarly, the incorporation of Arg residues had little effect on peptide 

phosphorylation. On the other hand, Lys residues at the 0, +1 and +3 positions in the S2 

SPOT array were essential for atypical phosphorylation, and Lys at the +5, +7 and +9 

positions strongly enhanced atypical phosphorylation (Fig. 4.5B). Based on these results, 

we conclude that Lys residues are the most likely site of atypical phosphorylation. 

If A-CAT recognizes a similar consensus sequence for Lys and Thr phosphorylation, 

then the Lys residue at the 0 position in the S2 peptide array is most likely to be the 
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primary site of phosphorylation.  Phosphorylation of Lys at the 0 position would give a 

consensus sequence of K-K-φ/K-K (underlined residue is the phosphorylation site), 

which is close to the T-φ/K-φ/K-K/R consensus sequence determined for Thr 

phosphorylation.  Moreover, it would be mean that the presence of Pro or Glu at the P+4 

position strongly inhibits both Lys and Thr phosphorylation (Fig. 4.4C and Fig. 4.5B).  

The possibility that A-CAT, and potentially other α-kinases, function as Lys kinases 

needs to be confirmed by mass spectrometry. This may prove difficult, since 

phospholysine is highly labile and cannot be detected using the conventional techniques 

employed to detect phosphoserine, phosphothreonine and phosphotyrosine. 

Phospholysine does occur in eukaryotic cells, but the protein kinases responsible have not 

been purified or identified (237). 

4.5.4 Consensus sequence for Thr phosphorylation  

The S1 SPOT peptide suggests a consensus sequence for Thr phosphorylation of T-

φ/K-φ/K-K/R. The nucleotide binding site of A-CAT is adjacent to a pocket that contains 

the side chains of Asp633 and Asp766.  We proposed that this acidic pocket may be the 

binding site for the side chain of Lys at the +1 position of the peptide substrate (65). The 

finding that peptides with Ile or Val at the +1 position are excellent substrates for A-CAT 

is not in agreement with this proposal, and suggests that the +1 residue may instead bind 

to a surface hydrophobic patch. Further studies will be required to map the binding site 

for the +1 residue, as well as to identify the negatively charged binding site for the 

critical basic residue at the +3 position of the peptide substrate. To date no crystal 
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structure has been solved for A-CAT, or for any alpha-kinase, in a complex with a 

peptide substrate. Identification of a peptide substrate that binds to A-CAT with a higher 

affinity than the currently available peptides would greatly enhance the probability of 

obtaining a peptide-A-CAT co-crystal. The S1 peptide array suggests that a peptide with 

the sequence RYDGETIIKDDEFLR might be an excellent A-CAT substrate. 

Two of the A-CAT autophosphorylation sites (Thr612 and Thr634) fit the revised 

consensus sequence quite well (Table 4.7). The Thr825 autophosphorylation site in the C-

terminal linker sequence does not have the required Lys/Arg residue at the +3 site and 

has a forbidden Pro at the +4 site. As expected, a synthetic peptide corresponding to the 

sequence around Thr825 is a very poor substrate for A-CAT. The reason why A-CAT 

rapidly autophosphorylates Thr825 remains a mystery and deserves further investigation.  

The Thr1823 phosphorylation site in the myosin-II tail fits the A-CAT consensus 

sequence well, whereas the Thr-1833 site is missing the critical Lys at +3 and the 

Thr2029 site has Glu at the +4 position. The myosin-II phosphorylation sites are located 

in a coiled-coil structure, so that the placement of important recognition determinants 

may differ from those found using small unstructured peptides. It has been proposed that 

alpha-kinases are specifically designed to recognize phosphorylation sites within α-

helices, although experimental evidence to support this proposal is lacking (64).  
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Table 4.7 Sequences of known A-CAT and eEF2K phosphorylation sites.  

Substrate Site P0 P+1 P+2 P+3 P+4 

Consensus  T φ/K φ/K K/R (P/E) 

MHCK-A 612 T T T K L 

MHCK-A 634 T Q L K N 

MHCK-A 825 T M V M P 

MyoII
 1823 T K Y K L 

MyoII 1833 T K T Q T 

MyoII 2029 T K T K E 

eEF2
 56 T D T R K 

eEF2K
 348 T I L R G 
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Chapter 5 

General Discussion 

5.1 Scaffold function of PakB  

The effects of PAK family kinases on the dynamics and organization of the 

cytoskeleton depend in part on their kinase activities and in part on kinase-independent 

functions (115,238). For example, in mammalian cells the overexpression of active PAK1 

causes a dramatic collapse of the cell periphery along with the disassembly of focal 

adhesions and actin stress fibers, whereas overexpression of catalytically inactive PAK1 

causes cells to spread out and extend numerous lamellipodia and ruffles (239).  In many 

cases, the kinase-independent functions of PAKs depend on direct interactions with other 

proteins, resulting in the assembly of a number of distinct protein complexes (115). 

Mammalian PAK1 binds directly to numerous proteins, including the adaptor proteins 

Nck and Grb2 (240,241), G protein βγ subunits (242), the Rac guanine nucleotide 

exchange factor (GEF) PIX (243), the actin binding protein filamin (244), the protein 

kinases PDK1 and Akt/PKB, (245),  huntingtin protein (246), the p41 Arc subunit of the 

Arp2/3 complex (247), the tumour suppressor merlin (248) and PI3K (249). 

Our studies are the first to identify proteins that interact with D. discoideum PakB, a 

PAK family member that phosphorylates and activates myosin-I.  The N-terminal region 

of PakB was shown to contain tandem PxxP motifs that bind to the SH3 domain of 

dAbp1 and an actin filament binding module (Fig. 5.1).  The interaction with PakB 
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Fig. 5.1 Signaling pathways involving dAbp1, PakB and myosin-I.   

Schematic representation of possible mechanisms by which PakB, dAbp1 and 

myosin-I regulate the actin cytoskeleton and cortical/membrane tension. The N-terminal 

region of PakB binds actin filaments and has two PxxP motifs that bind the SH3 domain 

of dAbp1, while also containing the key regulatory Ser8 auto-phosphorylation site. 

Interaction with PakB recruits dAbp1 to the cell cortex and enhance its binding to actin 

filaments via its ADF-H domain. dAbp1 contains a proline-rich region that can interact 

with its own SH3 domain, potentially forming a network that  cross-links actin filaments. 

dAbp1 participates in endocytosis through interactions with dynamin and the BAR-

containing amphiphysin.  In mammals Abp1 binds WIP and WASP to activate Arp2/3 

and promote actin filaments assembly, and we predict that similar interactions exist in D. 

discoideum. Full activation of PakB involves binding of Rac GTPases to the PBD, 

resulting in the phosphorylation and activation of the class I myosins MyoA, MyoD, 

MyoE and MyoK. 
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enhances the interaction of dAbp1 with actin filaments and recruits dAbp1 to actin-rich 

sites in the cell, such as the leading edge of migrating cells. PakB was also shown to 

suppress or control the functions of dAbp in vivo. Overexpression of dAbp1 causes a 

mild phenotype in chemotaxis and early development in wild-type cells but in the 

absence of PakB severely disrupted cell polarization during chemotaxis and completely 

blocked early development at the aggregation stage. PakB may regulate dAbp1 activity 

by sequestering the SH3 domain and preventing it from interacting with other 

downstream target proteins.  This possibility is supported by the finding that expression 

of PakB-1-180 but not PakB-1-180ΔP, which lacks the dAbp1 binding sites, rescued the 

dAbp1/PakBˉ phenotype.  Clearly, an important future goal is to identify the proteins that 

the dAbp1 SH3 domain binds to in the PakB-null cells.  This could be carried out by 

expressing the dAbp1 SH3 domain in cells as a Flag-tagged protein and then carrying out 

immunoprecipitation experiments using an anti-Flag antibody.  We have successfully 

utilized this method to identify the light chains that bind to the motor domains of myosin-

I isozymes (83). 

It is interesting that no phenotype was observed when PakB-1-180 was 

overexpressed in cells. In contrast, we have found that expression of the shorter PakB-1-

79 fragment, which contains only the first of the two PxxP motifs that bind dAbp1, 

produces a severe defect in pseudopod formation (Yang, Y., Unpublished data). PakB-1-

79 causes pseudopods to collapse, leaving behind thin and slowly turning over filopod-

like structures.  It is possible that in the absence of the second PxxP motif, the first PxxP 

motif interacts with another protein besides dAbp1, resulting in the disorganization of the 



 

130 

 

pseudopod cytoskeleton. Alternatively, the proper function of the complex may require 

that two dAbp1 molecules bind to PakB. In order to resolve these questions, a more 

detailed analysis of the interaction between the dAbp1 SH3 domain and the proline-rich 

region of PakB is needed. Isothermal titration calorimetry (ITC) could be used to quantify 

the affinity and stoichiometry with which the SH3 domain binds peptides that contain one 

or both PxxP motifs. The X-ray crystal structure of the dAbp1 SH3 domain in a complex 

with a peptide containing the tandem PxxP motifs would provide detailed insights into 

the key determinants recognized by the SH3 domain. Of interest, these studies could be 

directly relevant to mammalian Abp1. Our studies show that several mammalian proteins 

that bind the SH3 domain of Abp1 contain tandem PxxP motifs very similar to those in 

PakB. It will be important to test whether these tandem motifs do indeed represent 

binding sites for mammalian Abp1. These studies could show that the binding properties 

of the Abp1 SH3 domain have remained highly conserved from D. discoideum to 

mammals.  

5.2 The actin-binding module allows PakB to function in a positive feedback role 

Pseudopod formation at the leading edge of migrating cells is driven by an expanding 

network of polymerizing actin filaments.  The actin assemblies do not only “serve simply 

as the read-out of intracellular signals” but also “play essential roles in transmitting and 

modulating those signals” as positive feedbacks (250). Positive feedback from actin 

filaments plays an important role in strengthening chemotactic signals at the leading edge, 

including the activation of Ras and Rac and the accumulation of PIP3 (145,157). This is 
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due, in some cases, to signaling complexes that bind to the actin cytoskeleton. For 

example, activation of RasC is catalyzed by a complex of Sca1–RasGEF–PP2A, which 

translocates from cytosol to the leading edge upon cAMP stimulation in an actin 

filament-dependent manner (153).  

PakB translocates from the cytosol to the leading edge upon cAMP stimulation. In 

our work we showed that this is due to an actin filament-binding module located at the 

extreme N-terminus of PakB.  Previous work suggested that PakB can bind actin 

filaments but it was thought that the binding was indirect, possibly mediated by 

interactions with an actin binding protein (127). Our results suggest that PakB may play a 

positive feedback role at actin-rich sites such as the leading edge. We propose that PakB 

translocates to actin-rich sites where it is activated by Rac GTPases and acidic lipids such 

as PIP3. PakB then recruits dAbp1 and activates myosin-I to cross-link actin filaments, 

enhance membrane-cytoskeleton linkages and promote pseudopod dynamics (Fig. 5.1). 

A key step in the activation of PakB is the autophosphorylation of Ser-8 (251). It is 

intriguing that this regulatory site is within the boundaries of the newly defined actin 

binding module of PakB. In future studies it will be interesting to determine if Ser-8 

autophosphorylation regulates PakB localization by influencing its actin-binding 

properties. To test this possibility, PakB-1-180 with Ser-8 mutated to Asp to mimic 

autophosphorylation can be used in actin-sedimentation assays.  In addition full-length 

PakB with Ser8 mutated to Ala or Asp can be expressed in cells to investigate whether 

there is an effect on PakB localization.  We also note that Ser8 is located in a sequence 

(KRVSM) that closely resembles a PKA consensus phosphorylation site.  Cells that lack 
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the PKA regulatory subunit exhibit defects in chemotaxis similar to those exhibited by 

myosin-I null cells, suggesting that suppression of PKA activity is necessary for normal 

myosin-I function in a spatial gradient of cAMP (95,252). It will thus be interesting to 

test whether PKA can phosphorylate and activate PakB.  

5.3 Functional significance of the PakB-dAbp1 interaction 

Our results show that PakB is needed to recruit dAbp1 to actin-rich sites in the cell, 

such as the leading edge and macropinocytic cups. What is the functional importance of 

this interaction? Although only one study on Abp1 function in D. discoideum has been 

published (172), there is a wealth of information on Abp1 function in budding yeast 

(Abp1p) and mammals (mAbp1).   

 Abp1p localizes to cortical actin patches that are sites of endocytosis in budding 

yeast (253-256). When overexpressed Abp1p causes the cortical actin cytoskeleton to 

assemble at inappropriate sites on the cell surface, resulting in delocalized surface growth 

(257). Abp1p regulates the assembly and disassembly of actin filaments by at least three 

mechanisms.  First, Abp1p contains two acidic motifs that bind to and activate the Arp2/3 

complex to promote the formation of branched actin filament networks (258,259). 

Second, Abp1p tethers the Srv2p/CAP complex to actin filaments, where it functions to 

dissociate the actin-cofilin complex, liberating actin monomers that can then participate 

in further rounds of actin filament assembly (260). Third, Abp1p forms a complex with 

Aim3 that caps the fast-growing barbed end of newly assembled actin filaments to 

control their elongation (261).   
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mAbp1 plays roles in endocytosis (179,262,263), podosome formation (264), 

synaptic vesicle recycling (265), phagocytosis (266), cell adhesion (267) and cell 

migration (178,181,268).  mAbp1 lacks the acidic motifs found in yeast Abp1, but can 

activate the Arp2/3 complex through SH3 domain-mediated interactions with neuronal 

WASP (N-WASP) and WASP-interacting protein (WIP) (178,269) and by activation of 

FGD1, a GEF for Cdc42 that causes faciogenital dysplasia (194). 

Given that mechanisms to link Abp1 to actin filament assembly are conserved from 

yeast to mammals, we suspect that dAbp1 plays a similar role in D. discoideum.  The 

overexpression of dAbp1 produces a much more severe phenotype in PakB
-
 cells than in 

wild-type cells.  One explanation for this finding is that PakB sequesters the SH3 domain 

of dAbp1, and therefore prevents the over-activation of other proteins involved in 

controlling actin filament assembly (Fig. 5.1).  To support this proposal, it will be 

necessary to identify novel binding partners for the dAbp1 SH3 domain.  Our 

identification of the binding site for dAbp1 on PakB should greatly aid in the 

identification of these binding partners.  We have already identified a D. discoideum WIP 

homolog (dictyBase DDB_G0281723) that contains multiple copies of a sequence similar 

to the dAbp1 SH3 domain binding sequence in PakB.  This protein can be expressed in D. 

discoideum with a Flag tag and immunoprecipitated to determine if it forms a complex 

with dAbp1.   

Abp1p and mAbp1 participate in interactions that connect actin filaments to cell 

membranes. A proline-rich sequence in Abp1p provides a binding site for the SH3 

domains of Rvs161 and 167, two amphiphysin homologs with a Bin-Amphiphysin-Rvs 



 

134 

 

(BAR) domain that functions to promote membrane curvature (270). Mammalian Abp1 

binds via its SH3 to dynamin, a GTPase that is involved in scission of newly formed 

vesicles from the cell membrane (179). Interestingly, some of these interactions seem to 

be conserved in D. discoideum. dAbp1 binds to dynamin (131) and our laboratory has 

obtained preliminary evidence that the SH3 domain of a D. discoideum amphiphysin 

binds to dAbp1 (Z. Li, Unpublished data). It is interesting to speculate that the PakB-

dAbp1 complex could recruit amphiphysins to the plasma membrane, where they could 

cooperate with myosin-I to deform the membrane and facilitate processes such as 

endocytosis and phagocytosis (Fig. 5.1).  

We speculate that one function of dAbp1 is to recruit class I myosins to facilitate 

phosphorylation by PakB. dAbp1 binds to MyoK (131) and possibly also MyoB (183). 

There is convincing evidence that a PakB-dAbp1-MyoK complex plays an important role 

in regulating the uptake of large particles (131) and that a dAbp1-MyoB interaction is 

required for phagosome maturation (183). Further studies are needed to investigate the 

possibility that the SH3 domains of MyoB, MyoC or MyoD bind to the proline-rich 

region of dAbp1, or that the SH3 domain of dAbp1 binds to proline-rich sequence in the 

myosin-I tails.   

5.4 PakB phosphorylates myosin-I to regulate cortical tension 

Our work shows that PakB plays a critical role in promoting the integrity of the 

cortical actin cytoskeleton. We propose that PakB activates a subset of myosin-I 

isozymes, which likely include MyoA, MyoE, MyoD and MyoK.  These myosin-I 
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isozymes stabilize the cortical actin cytoskeleton by providing linkages to the plasma 

membrane and, in addition, by sliding actin filaments along the membrane surface to 

generate cortical and membrane tension. Cortical tension is critical to maintain cell 

polarity, and is the dominant mechanism that inhibits secondary pseudopod formation 

along the lateral edges and rear of the cell source (271,272).  

Loss of PakB disrupts the cortical cytoskeleton and leads to increased bleb formation 

when cells are subjected to external stresses. The ability of PakB to suppress bleb 

formation could be of physiological relevance during cell migration in a 3D environment. 

In a low adhesive 3D environment, membrane blebs expand into pores within the 

substrate, where they subsequently become inflated with cytoplasm and immobilized 

(273). Cortical tension than pulls the cell body forward. D. discoideum cells moving in a 

physiological environment continuously produce blebs at their leading edges, and this 

focal blebbing contributes greatly to their locomotion (274). Our studies suggest that a 

Rac-PakB-myosin-I pathway may provide one important means to spatially regulate bleb 

formation within the cell. 

PakBˉ cells show a low resistance to the force applied by a coverslip and form blebs 

following electroporation at rates significantly higher than wild-type cells. These results 

are consistent with a loss of cortical tension, but it is imperative that the cortical tension 

of PakBˉ cells be measured directly. One method to measure cortical tension involves the 

use of an optical trap to bring a Concanavalin-A-coated bead into contact with a cell 

attached to a glass coverslip (87). The stage is then moved away from the trapped bead so 

that a membrane tether is formed, and the force exerted on the bead is derived from its 
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position and the stiffness of the optical trap. Another method that is widely used to study 

cortical tension and deformability involves micropipette aspiration (275). Experiments 

performed using these assays will demonstrate whether or not the loss of PakB causes a 

significant drop in cortical tension.  

  Our studies provide the first evidence that PakA and PakC phosphorylate myosin-I 

and that PakB is responsible for the majority of MyoD TEDS site phosphorylation in vivo. 

However, additional experiments are required to confirm that the defects observed in 

PakBˉ cells are due to a decrease in myosin-I motor activity.  One way to test this is to 

express constitutively active and inactive mutants of MyoD and other myosin-I isozymes 

in PakBˉ cells.  If our hypothesis is correct, then active myosin-I isozymes (TEDS site 

mutated to Asp), but not inactive isozymes (TEDS site mutated to Ala) should rescue the 

cortical and blebbing defects exhibited by PakBˉ cells. These studies will also help define 

the roles played by the different myosin-I isoforms in the generation of cortical tension 

(92,93).  

Myosin-II contractile activity is essential for bleb formation and plays a role in the 

maintenance of cortical tension (93,203,276). PakAˉ cells have reduced levels of myosin-

II filaments, raising the possibility that similar defects may occur in PakBˉ cells (132).  It 

will be important to establish that the amount of filamentous myosin-II in the cortical 

cytoskeleton is comparable in wild-type and PakBˉ cells. Blebbing and under agarose 

assays can also be repeated using myosin-II null cells, or cells treated with the specific 

myosin-II inhibitor blebbistatin, to determine if the phenotype is comparable to that of 

PakBˉ cells.  
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5.5 Alpha Kinase Catalytic Mechanism  

Our studies on the catalytic domain of MHCK-A (A-CAT) have revealed novel 

catalytic and regulatory properties (65,74). The presence of an aspartylphosphate residue 

in the active site and the ability to hydrolyze ATP to AMP raise the possibility that A-

CAT employs a catalytic mechanism that differs from conventional protein kinases. Two 

potential allosteric sites have been identified: the N/D-loop, which binds Mg
2+

; and the 

Pi-pocket, which binds Pi and phosphothreonine residues. We predict that the Pi-pocket 

regulates A-CAT through an intramolecular interaction with an autophosphorylated 

residue (Thr825) in the unstructured linker region that follows the alpha-kinase domain.  

In our study we evaluated the nucleotide binding properties of A-CAT.  The results 

show that Mg
2+

 increases the affinity of A-CAT for ATP and ADP, and that A-CAT 

binds MgATP>MgADP>MgAMP.  The higher affinity of A-CAT for ATP relative to 

ADP distinguishes it from PKA, which binds both nucleotides with a similar affinity. 

Steady-state kinetic data and catalytic trapping studies show that ADP release is the rate 

limiting step in the PKA catalytic mechanism (66). This is supported by studies showing 

that pre-equilibration of PKA with excess ADP causes a significant lag in the production 

of phosphopeptide. Similar studies can be carried out with A-CAT to determine whether 

the low relative affinity for ADP changes the nature of the rate limiting step.   

We also show that mutations that disrupt the ND-loop and Pi-pocket decrease the 

affinity of the A-CAT active site for nucleotides. Structural studies on these mutants are 

needed to gain a detailed understanding of how conformational changes in the ND-loop 
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and Pi-pocket can alter the binding properties of the active site.  It will be particularly 

interesting to determine the structure of A-CAT with an empty Pi-pocket and with the 

ND-loop in an Asn-OUT conformation.  Such studies will go a long way towards 

elucidating the mechanisms that regulate A-CAT activity. 

5.6 Nucleotide binding to TRPM7 

Due to the highly conserved nature of the alpha-kinase active site, the properties 

described here for A-CAT are likely to be relevant to all the diverse members of the 

alpha-kinase family.  Humans express six alpha-kinases that have important roles in 

processes such as cell growth, cytoskeletal organization, ion transport and development 

(60).  eEF2K, which regulates protein synthesis, has an alpha-kinase domain ~40% 

identical to A-CAT.  Like A-CAT, eEF2K contains a Pi-pocket and a C-terminal 

autophosphorylation site that is essential for kinase activity (79,80,277). Studies on A-

CAT have thus proven to be instrumental in revealing some of the key regulatory features 

of eEF2K. 

Human TRPM6 and TRPM7 are divalent cation channels that play central roles in 

Mg
2+

 homeostasis (278-280).  Both ion channels contain a C-terminal alpha-kinase 

domain that, like MHCK-A, phosphorylates the tail of myosin-II to regulate filament 

assembly (223,225). The divalent cation influx though the TRPM7 ion channel is 

potently inhibited by free Mg
2+ 

and Mg
2+

-bound nucleotide (70,281-283). The alpha-

kinase domain, which has specific binding sites for Mg
2+ 

and nucleotide, may be 

responsible for inhibiting ion channel activity. However, mutation of Asp1775 
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(equivalent to Asp766 in A-CAT) to Ala abolishes kinase activity but does not alter 

inhibition by Mg
2+ 

and Mg
2+

-nucleotide (70). On the other hand, mutation of Gly1799 in 

the N/D-loop to Asp greatly reduces inhibition by Mg
2+

 and Mg
2+

-nucleotides (280).  

TRPM7 is also found to be inhibited by MgATP and MgADP, but not by MgAMP (283).  

Our studies with A-CAT show that mutation of Asp766 to Ala does not alter the binding 

of Mg
2+

-ATP, whereas mutation of Gly residues in the N/D-loop decrease the binding 

affinity for Mg
2+

-ATP about 3-4 fold.  Furthermore, we find that A-CAT binds AMP 

very weakly.  Thus, our studies are consistent with the hypothesis that conformational 

changes in the alpha-kinase domain induced by binding Mg
2+ 

or Mg
2+

-nucleotide are 

responsible for inhibition of TRPM7 channel activity.  To support this conclusion, it will 

be important to repeat the nucleotide binding experiments using the TRPM7 alpha-kinase 

domain. 

5.7 Substrate specificity of A-CAT 

Using peptide SPOT arrays we showed that A-CAT recognizes a consensus sequence 

of T-φ/K-φ/K-K/R for Thr phosphorylation. The SPOT arrays can be re-probed using 

human eEF2K and TRPM7 to better define their consensus recognition motifs.  It seems 

likely that eEF2K recognizes a consensus sequence similar to A-CAT (69,80,277), 

whereas TRPM7 recognizes a different consensus sequence (69,71,224). Thus, new 

SPOT arrays based on a different peptide sequence may need to be synthesized to define 

the TRPM7 consensus sequence.   
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A striking result from our studies is that strong radioactive signals were detected for 

peptides in the SPOT arrays that do not contain a Thr phosphorylation site. The apparent 

phosphorylation is dependent on A-CAT and so cannot be attributed to the non-specific 

binding of [γ-
32

P]ATP. Although the specificity of the apparent phosphorylation reaction, 

which yields a K-K-φ/K-K consensus sequence, is most compatible with the 

phosphorylation of Lys residues, we have not completely ruled out the possibility that A-

CAT binds tightly to peptides that have particular amino acid sequences. If this is the 

case, then the radioactivity must arise either from the autophosphorylation of A-CAT or 

the binding of A-CAT to radioactive Pi or ATP. To test these possibilities, SPOT array 

phosphorylation can be carried out using A-CAT mutants that lack kinase activity or have 

mutations that prevent Pi binding to the Pi pocket. We have found that incubation with 

trichloroacetic acid removes the atypical phosphorylation. Further insights can be gained 

by washing the SPOT arrays with denaturing agents such as guanidine hydrochloride, 

urea and SDS.  These washes should eliminate the radioactivity associated with the SPOT 

arrays if it results from non-covalent binding interactions, but should not alter the levels 

of covalently incorporated radioactivity.  

Phosphorylation studies should also be carried out using synthetic peptides that lack 

Thr residues.  Following incubation with ATP and A-CAT the peptides can be 

chromatographed over an ion-exchange HPLC column under neutral pH conditions to 

determine if peaks compatible with the formation of phosphopeptides are formed. If 

phosphopeptides are detected, tandem mass spectrometry can be used to identify the 
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phosphorylated residues. It will be important to confirm that other alpha-kinases, such as 

eEF2K and TRPM7, are capable of phosphorylating atypical residues.  

 There are only a few reports of proteins phosphorylated on Lys residues in cells, 

although there is good evidence for the existence of phospholysine phosphatases (284). 

However, Lys phosphorylation may well be under-reported, since it is not detected by 

methods developed to monitor the phosphorylation of Ser, Thr and Tyr residues. In this 

respect, it is worth noting that phosphorylation on Arg residues, which is also acid-labile, 

has only recently been discovered to play a physiologically significant role in the 

regulation of many critical cellular processes, such as protein degradation, motility, 

competence, and stringent and stress response, in Bacillus subtilis (285). Careful 

examination of the ability of A-CAT to phosphorylate Lys or other atypical residues may 

open the door to the identification of new signaling pathways and new functions for the 

alpha-kinases.  
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Appendix A 

Supplemental Video 

Video S1. Localization of GFP-PakB-1-276 in developed, migrating AX3 cells. GFP-

PakB-1-276 localizes to the rear of the migrating cell. Bar, 10 μm. 

Video S2. Localization of GFP-PakB-1-180 in developed, migrating AX3 cells. GFP-

PakB-1-180 is enriched at the leading edge of the migrating cells. Bar, 10 μm. 

Video S3. Localization of GFP-PakB-1-180 in growth phase AX3 cells. GFP-PakB-1-

180 is enriched in pseudopodia and macropinocytic cups of growth phase AX3 cells. Bar, 

10 μm. 

Video S4. Localization of RFP-dAbp1 in developed, migrating AX3 cells. RFP-

dAbp1 is enriched at the leading edge of the migrating cells. Bar, 10 μm. 

Video S5. Localization of RFP-dAbp1 in developed, migrating PakBˉ cells. RFP-

dAbp1 exhibits a diffuse distribution in the absence of PakB. 
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Appendix B 

Supplemental Figures 

Fig. S1 Localization of PakB and PakB-1-180 in PakBˉ cells.  

(A)  Immunofluorescence localization of PakB and GFP-PH-Crac in AX3 cells.  

Cells expressing GFP-PH-Crac were fixed and stained with anti-GFP and anti-PakB 

antibodies.   PakB localized to the cell cortex and within pseudopods. PH-Crac was 

largely cytosolic but some co-localization to the leading edge of pseudopods was 

apparent.  Bar, 10 µm.  (B) Time course images of a polarized, aggregation competent 

PakBˉ cell expressing PakB-GFP.  PakB was localized to the anterior of the cell and to 

pseudopods extended from the lateral edge.  Arrow shows the direction of migration. Bar, 

10 µm.  (C) Time course images of randomly migrating PakBˉ cells expressing GFP-

PakB-1-180. Similar to PakB, PakB-1-180 localized to the anterior of cells and to 

extending pseudopods. The arrow indicates a cell that sharply changed direction. PakB-1-

180 was lost from the existing leading edge and reappeared at the newly protruding 

leading edge. Bar, 10 µm.    
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Fig. S2 Profile plots of polarized migrating cells expressing GFP, PakB-GFP and 

GFP-PakB-1-180.   

Images of cells expressing GFP, PakB-GFP (from Fig. S1A) and GFP-PakB-1-180 

(from Fig. S1B) were analyzed using the ImageJ Analyze>Plot Profile function.  Profile 

plots through the centers of the cells (boxes) show that GFP is relatively evenly 

distributed throughout the length of the cell, whereas PakB and PakB-1-180 are enriched 

within the leading edge pseudopod. Arrows indicate the direction of migration.  Bar, 10 

µm. 
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Fig. S3. Actin filament distribution in PakBˉ cells.   

The time course images show aggregation competent PakBˉ/dAbp1OE cells 

expressing GFP-ABD (the actin-binding domain from ABP-120) as a marker for 

filamentous actin.  Recruitment of GFP-ABD to the cell periphery shows that PakBˉ cells 

remain capable of assembling cortical actin filaments.  The diffuse localization of RFP-

dAbp1 is consistent with the conclusion that PakB is needed for it to localize to actin-rich 

regions.  Arrow indicates the direction of migration.  Bars, 10 µm. 
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Fig. S4.  Localization of PakB-1-180 in cells that cannot produce PIP3.  

(A) GFP, GFP-ABD, GFP-dAbp1 and GFP-PakB-1-180 were expressed in a cell line 

that is unable to produce PIP3 due to the loss of all PI3Ks and PTEN.  Images of 

individual live cells show that GFP exhibits a diffuse distribution, whereas GFP-ABD, 

GFP-dAbp1 and GFP-PakB-1-180 localize to cortical regions and pseudopods.  Bar, 10 

µm. 
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Fig. S5.  Expression and localization of RFP-dAbp1-ΔSH3.   

(A) The immunoblot shows lysates of PakBˉ cells expressing RFP-dAbp1-ΔSH3 or 

RFP-dAbp1 probed using an anti-dAbp1 antibody. (B) Time course images of 

aggregation competent PakBˉ cells expressing GFP-ABD and RFP-dAbp1-ΔSH3.  GFP-

ABD localized to the cell cortex, the leading edge pseudopod and the rear of the cell, 

whereas RFP-dAbp1-ΔSH3 exhibited a diffuse localization.  Arrow indicates the 

direction of migration.  Bars, 10 µm. 
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