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LIM kinases 1 (LIMK1) and 2 (LIMK2) are major regulators of cytoskeletal 

dynamics in the cell. LIMK regulates actin dynamics by phosphorylating the actin-

depolymerizing factor (ADF)/cofilin family of actin-binding proteins. Cofilin proteins 

bind preferentially and cooperatively to ADP-bound subunits in F-actin. This 

binding event changes the helical rotation of actin filaments, promoting actin 

filament severing. LIMKs promote actin filament stabilization by inactivating cofilin 

through phosphorylation of Ser3. Phosphorylation of cofilin at Ser3 deactivates 

cofilin severing activity by inhibition of cofilin binding to actin filaments. This cycling 

between actin depolymerization and polymerization impacts higher-order cellular 

processes, including motility, differentiation, and metastasis.  

In the past 25 years, LIMK and cofilin have been heavily studied, but 

important questions remain regarding kinase regulation. Current literature 

proposes a model of regulation in which the N-terminus, which contains two LIM 

domains and one PDZ domain, acts as a negative regulator of the C-terminal 

kinase domain. These N-terminal domains, known to mediate protein-protein 

interactions, remain understudied in the context of LIMK autoregulation. Previous 

studies have mainly focused on immunoprecipitation and pull-down assays of 
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fragments of the N-terminal domains to the C-terminus kinase domain. However, 

no structure of the domains LIM and PDZ is published, nor details about the 

autoregulated complex is known. Thus, how these domains modulate the kinase 

activity of LIMK has yet to be revealed. The information in this dissertation aims to 

provide the molecular mechanism and structural details underlying the regulation 

of LIMK1 activity. I hypothesize that the N-terminus of LIMK1 negatively 

regulates its kinase activity via a direct "head-to-tail” interaction. I will test 

this hypothesis using biochemical, biophysical, cell-based, and structural biology 

techniques to understand molecular mechanisms underlying autoregulation. 

I will accomplish the goals of this dissertation by setting two aims. In Aim 

1, I study the N-terminal domains of LIMK. I use biochemical and structural 

techniques to gain a molecular-level understanding of the PDZ domains. 

Specifically, I obtain the crystal structure of the hLIMK2 PDZ domain and map the 

conservation of this domain using both LIMK1 and LIMK2 sequence alignments. I 

find a surface in this domain that is conserved from mammals to insects. I use 

homology- and structure-driven mutations to validate structure-defined and 

functional mechanisms of PDZ domain regulation. To test the effect of these 

mutations, I reconstructed the human LIMK pathway in S. cerevisiae. Expression 

of human LIMK1 phosphorylates and inactivates endogenous yeast cofilin; thus, I  

observe alterations in LIMK activity by measuring yeast growth. Using this assay, 

I screened for LIMK1 PDZ mutants that may be involved in kinase autoregulation. 

I have successfully used radiolabel assays to test the impact of these mutations 
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on kinase activity using cofilin as substrate in vitro. This combination of approaches 

allowed me to understand better the influence of the PDZ domain in kinase 

autoregulation.   

In Aim 2, I used biochemical, biophysical, and activity-based assays to 

elucidate how the N-terminus domains of LIMK are responsible for autoregulatory 

interactions with the kinase domain and if LIMK is regulated in cis or trans. I began 

by directly addressing whether, in addition to the PDZ, other domains in the N-

terminus of LIMK are responsible for kinase autoregulation. I found that the LIMK2 

LIM2-PDZ domain fragment reduces the kinase activity of LIMK2 catalytic domain 

(CAT) in vitro. Furthermore, I used SEC-MALS  to study the molecular 

arrangement of the LIM2-PDZ domains in solution. 

Additionally, I explore the molecular arrangement of full-length LIMK. I purify 

human full-length LIMK2 protein and use negative staining electron microscopy to 

observe global conformational changes between the wild-type protein and kinase-

inactive D451N mutant to differentiate between intra or intermolecular 

conformations. Negative staining electron microscopy suggests two different 

conformations where the full-length wild-type LIMK2 displays an elongated 

conformation, while the full-length catalytically inactive D451N mutant shows a 

more compact conformation. These discoveries lead me to propose that the N-

terminal domains are responsible for the autoregulation of LIMKs and that the 

mode of regulation is intramolecular. 
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These findings provide a foundation for studying N-terminal autoregulation 

of LIMK kinase activity. Here, I present studies of autoregulatory interaction in 

LIMK in purified systems as well as in a eukaryotic system. This work provides the 

first crystal of the human LIMK2 PDZ domain and an in-depth study of its fold and 

conservation. Mutagenesis studies of the PDZ domain reported here provide 

strong evidence for how this domain undergoes autoregulation.  Likewise, I provide 

insight into the molecular arrangement of LIMK N-terminus domains and full-length 

protein and provide a low-resolution understanding of its oligomeric state using 

SAXS and negative stain electron microscopy. Together, I propose that the LIM2-

PDZ region of the N-terminus autoregulates LIMK activity.  
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Chapter 1: Introduction and Background  

1.1 LIM domain kinases history 

Protein phosphorylation is the most common post-translational modification 

(PTM)1-3.  The discovery of protein phosphorylation opened the door to a vital field 

in understanding cellular communication and pathway discovery. Protein 

phosphorylation reaction transfer of a g-phosphate group from ATP to specific 

amino acid residues in proteins, most commonly Ser, Thr, and Tyr residues. This 

modification alters the protein substrate surface charge and conformation. Upon 

phosphorylation, proteins often become able to bind to other molecules, resulting 

in different protein complexes and signaling events. The protein enzymes 

catalyzing the covalent transfer of ATP g-phosphate to a protein substrate are 

called protein kinases.   

Since the 1950s, with the isolation of phosphorylase b, the study of protein 

phosphorylation expanded with the identification of protein kinases that could 

phosphorylate proteins on serine and threonine residues 4. However, in the 1980s 

and 1990s, with the use of low-stringency screening,  more protein kinases were 

identified5,6. These methods were used to identify novel classes of kinases that 

differed slightly in kinase domain sequence and substrate amino acid preference 

7. One kinase identified using these methods was LIMK. LIMK was identified as an 

overlapping clone in the human hepatoma HepG2 cells using the c-sea receptor 

tyrosine kinase cDNA as a probe 8-10. The same year, while using the PCR 

technology and primers of a known tyrosine kinase, PTK, in mice olfactory 
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epithelium cells, a protein with a closely related catalytic domain was discovered 

and initially named Kiz-1 11  

Kiz-1 was renamed to LIMK due to the identification of two LIM domains 

(Lin11, Isl-1 & Mec-3) in its N-terminus and a kinase domain in its C-terminus. 

LIMK is a dual specificity kinase that belongs to the tyrosine kinase-like family of 

kinases and is involved in signaling downstream of RhoA 12,13 (Figure 1.1). 

Tyrosine-like kinase family members share high sequence similarity in the catalytic 

domain to tyrosine kinases but do not necessarily phosphorylate tyrosine residues. 

LIMK prefers to phosphorylate serine and tyrosine residues 14.  

1.2 LIMK domain architecture   

The LIM kinase family of proteins contains LIM kinase 1 and LIM kinase 2 (LIMK1, 

LIMK2), and lesser-known members, testis expressed serine kinase 1, and testis 

expressed serine kinase 2 (TESK1 and TESK2)8-11,15,16. The LIMK and TESK 

families share high similarity in their catalytic domain but differ in their overall 

domain architecture. LIMK1 and LIMK2 contain two sequential LIM domains and, 

a PDZ domain in their N-terminus and a C-terminal active kinase domain. TESK1 

and TESK2, on the other hand, have N-terminal active kinase domains and proline-

rich C-termini (Figure 1.2). All four members of this family of kinases are readily 

involved in regulating actin dynamics by the phosphorylation of cofilin proteins 

(Figure 1.1). My thesis focuses on the LIMK members of this family. References 

to LIMK imply both kinases and if a specific member of the LIMK kinases family is 

referred, the LIMK member (LIMK1, LIMK2) will be expressly stated.   
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Below, I will describe in depth the different components of the LIMK group, 

the LIM domains (sections 1.3 to 1.5), the PDZ domain (sections 1.6 to 1.9), and 

the catalytic kinase domain (sections 1.11). I will then describe precedents in the 

literature for autoregulation of catalytic activity in protein kinases by adjacent 

domains or protein partners (section 1.17). 

1.3 LIMK contains two LIM domains   

LIM domains are zinc finger domain structures characterized by their intricate 

involvement in various cellular processes, including cytoskeletal organization, cell 

lineage specification, gene transcription regulation, and organ development 17-19. 

These protein domains are found in a wide variety of proteins, with 135 LIM domain 

coding sequences identified in 58 genes 20.  LIMK domains can be found in 

homeodomain transcription factors, kinases, and adaptor proteins. The LIM 

domain fold comprises dual zinc fingers, characterized by two zinc ion binding sites 

coordinated by cysteines and histidine. LIM domains most commonly contain the 

following sequence, CX2CX16-23HX2CX2CX2CX16-21CX2(C/H/D), where X is any 

amino acid, C stands for cysteine and H for histidine, and “/” indicates alternative 

amino acid residue 20,21. Studies of the zinc finger fold demonstrate that the 

classical zinc finger contains two b-sheets and one a-helix22. In LIM domains, the 

tandem zinc fingers follow this architecture; the first zinc finger includes b-hairpins 

1 and 2, connected by rubredoxin-type zinc knuckles, and the second zinc finger 

includes b-hairpins 3 and 4, joined by tight turns 20,23,24. LIM domains present 

conserved tetrahedral zinc coordination, which establishes the LIM domain's 
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secondary structure and tertiary fold, along with hydrophobic core residues. 

Sequence divergence among LIM domains allows unique surfaces for protein-

protein interactions 25,26.   

LIM domains are classified into four groups, termed groups 1, 2, 3, and 4 

(Figure 1.3 ). This classification is based mainly on the arrangement of the LIM 

domain in the overall protein structure and the localization they portray. Most of 

these LIM groups, except for group 1, which is only nuclear, are found in the 

nucleus and the cytoplasm. In the following subsections, I will describe each group.  

1.3.1  Group 1 LIM domains  

Group 1 LIM domains are mainly found in LIM homeobox (LHX) protein and 

nuclear LMO 1-4 (LIM domain only 1-4) proteins, which have two tandem N-

terminal LIM domains region 24. This protein group is found in the nucleus and 

portrays distinct functions. Examples of members of this group are LIM 

homeodomains,  transcription factors involved in the development of the nervous 

system. Other members, such as LMO proteins, are mainly known for their protein 

adaptor functions that contribute to developmental processes and oncogenesis 27.  

1.3.2  Group 2 LIM domains  

LIM domains that belong to group 2 consist of only LIM domains and can be found 

in both the nucleus and the cytoplasm of the cell 24. This group comprises the 

following: the cysteine and glycine-rich protein (CRP), four-and-a-half LIM protein 

(FHL), and particularly interesting new cysteine and histidine-rich protein 
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(PINCH)21,28,29.  CRP proteins are best known to be prominent regulators of muscle 

structure and myogenesis 25,30 and known protein binders of a-actinin 31.   

1.3.3 Group 3 LIM domains  

Members of LIM group 3 harbor one to five LIM domains and have other functional 

domains as part of their architecture. All LIM-containing proteins in this group have 

been associated with the actin cytoskeleton.  Members of this group include the 

following families of proteins: paxillin, Zyzin, TES, PDZ-LIM proteins, actin binding 

LIM protein (ABLIM), epithelial protein lost in neoplasm (EPLIM), and LIM and SH3 

(LASP) proteins. In this section, I will briefly describe each member mentioned 

above, along with a summary of the cytoskeletal functions of these proteins.   

Paxillin and zyxin are markers for focal adhesions (FA) and act as protein 

adaptors to regulate cell shape and spreading via LIM-mediated protein 

interactions 21,28,32. Paxillin mainly serves as an adaptor protein, mediated by its 

multiple protein-protein binding domains. Paxillin contains five LD motifs in the N-

terminal region and four C-terminal LIM domains. The leucine-aspartic acid motifs 

(LD) serve as protein adaptor hubs and bind FA-associated proteins such as focal 

adhesion kinase (FAK), parvins, vinculin, talin, integrin-linked kinase (ILK), p21-

activated kinase (PAK), and others 21,28,29,33. When phosphorylated, the LIM 

domains of paxillin potentiate anchoring to the plasma membrane33 34. On the other 

hand, Zyxin is thought to be mechanosensory. Specifically, the LIM domains are 

responsible for localization force-bearing sites at the leading edge of the cell 35.  
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Testin, also called TES, localizes to  FAs, stress fibers, and areas of cell-

to-cell contact. It is believed to act as a tumor suppressor, as its expression in 

T47D breast cancer cells negatively regulates proliferation 36-39. The LIM domains 

of TES have been associated with mechanically-strained F-actin 40. Interestingly, 

the LIM domains are thought to mediate intramolecular and intermolecular 

interactions with the N-terminal PET domain in a “head-to-tail manner.”  However, 

no function has been attributed to these changes in conformation and 

oligomerization41. Transitions between the “open” and “closed” conformation of 

TES are believed to be regulated by the binding of protein partners or 

phosphorylation of the LIM domains41. 

PDZ-LIM proteins, also known as the ENIGMA family of proteins, are 

important for the migratory capacity of epithelial cells and muscle development. 

They are bound to the actin cytoskeleton via their association with a-actinin 36,42. 

The LIM domain found in this family of proteins is known to bind protein kinases 

such as Ret and insulin receptors. In contrast, the PDZ domain directly interacts 

with actin filaments 43-45. Intramolecular interactions of PDZ and LIM domains in 

this family of proteins have been observed, i.e., reverse-induced LIM genes (RIL) 

proteins, where the N-terminal PDZ domain interacts with the C-terminal LIM 

domain 46. The specific sites mediating this interaction have yet to be identified as 

it is believed to be mediated independently of canonical PDZ binding 46. The 

structural basis of this interaction has yet to be resolved.  
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Actin-binding LIM protein (ABLIM), like the rest of the members of LIM group 

3, is associated with the actin cytoskeleton, showing strong binding to F-actin via 

its villin headpiece domain (VPH). At the same time, its LIM domains are involved 

in recruitment to cell-cell contacts47. EPLIN contains two actin-binding domains, N 

and C- terminal to the central LIM domain. More specifically, EPLIN has been 

associated with actin dynamics as it can function as an actin cross-linker 48. Since 

it can bind more than one actin subunit, it lowers the dissociation rate constant at 

the pointed end of actin filaments, leading to actin filament stabilization 49. Also, 

EPLIN is a protein binding partner of a-catenin, which links the cadherin-catenin 

complex to F-actin in adherent cell junctions, making it important for mechanical 

response 50. Lastly, the LASP family of proteins, also actin-binding proteins, 

contain an N-terminal LIM domain, followed by two nebulin-like repeats, and an 

SH3 domain at the C-terminus 51. The nebulin-like repeats are associated with 

actin filament binding, while the LIM domains are believed to mediate 

homodimerization.  However, this has not been shown in cells. LASP LIM domain 

and the first nebulin repeat module are necessary for actin filament binding 52.  

1.3.4 Group 4 LIM domains  

The group 4 LIM domain proteins possess both an enzymatic domain and LIM 

domains. This family of proteins includes LIM domain kinases (LIMK1 and LIMK2) 

and microtubule-associated monooxygenase, calponin, and LIM domain-

containing protein (MICAL).  
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LIMKs are involved in regulating actin dynamics by the phosphorylation of 

cofilin proteins. The LIM domains of LIMK bind to different protein partners and 

mediate autoregulation of the C-terminal kinase domain 16,53,54. The various LIMK 

LIM domain binding partners are discussed in section 1.8. Although the LIM 

domains have been shown to increase LIMK kinase activity when mutated or 

deleted, the exact regulation mechanism remains elusive. I discuss this at length 

in Chapter 3, where I  focus on the role of the LIM2-PDZ tandem domain in 

regulating LIMK catalytic activity. 

The MICAL family of proteins contains a flavin monooxygenase domain in 

the N-terminus, followed by calponin homology (CH) and LIM domains, and a C-

terminal Rab (Ras-associated binding) binding domain (RBD). The flavin 

monooxygenase domain binds and oxidizes F-actin to disassemble the actin 

cytoskeleton during repulsive axon guidance 55,56. Interestingly, the MICAL N-

terminal half (monooxygenase-CH-LIM) engages the C-terminal RBD domain 

intramolecularly 57. This interaction is disrupted by the binding of Rab to the C-

terminal RBD and is believed to regulate the activity of the monooxygenase 

domain 58.  

LIM domain-containing proteins are heavily involved in actin cytoskeleton 

processes. They share diverse functions, are mainly believed to be protein-protein 

interaction domains, work to bring protein complexes together, and can also serve 

as autoregulatory activity agents when found in protein enzymes.  
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1.4 LIM domain binding modes 

Although LIM domains are conserved in terms of their secondary structure, they 

recognize their targets in highly diverse modes (Figure 1.4 A). Efforts to find 

binding sequences have yet to identify a consensus recognition motif in binding 

partners. However, when analyzing current structural information of LIM domain 

complexes, LIM domains usually bind partners in one of two opposing sides of the 

LIM domain. LIM domains bind via the front or zinc knuckle 59 (Figure 1.4 B), which 

is mediated by specific interaction in the zinc-containing face of the domain or the 

side opposite to the zinc knuckle, referred to as the beta zipper (Figure 1.4 C). 

The beta zipper face of the LIM domain interacts with binding partners often using 

its beta sheets 60.  In LIMK, LIM domains are believed to be involved in 

intramolecular or intermolecular interactions with the kinase domain. In Chapter 3, 

I describe my studies to assess the LIM domain’s role in autoregulation.  

1.5 LIM domain-general function 

LIM domains can function in four ways - as adaptors, competitors, autoinhibitors, 

or localizers. Examples of each function will be given in the following subsections.  

1.5.1 LIM domains as protein adaptors 

LIM domains mediate protein-protein interactions. Therefore, LIM-

containing proteins often function as scaffolds to support the assembly of 

multimeric protein complexes 25. One example of LIM domain scaffolding function 

is observed between the Cysteine-rich protein (CRP)  family of proteins and the 

regulation of muscle-expressed genes 61. CRPs have two LIM domains linked by 
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two short glycine-rich repeats and are essential for cell differentiation, cytoskeletal 

remodeling, and transcriptional regulation. CRP protein members regulate 

transcription via the adaptor function of its LIM domains. CRP interacts with SRF 

(serum-response factor) when translocated to the nucleus via its N-terminal LIM 

domain and GATA-factors 4 and 5 via its C-terminal LIM domain. The recruitment 

of SRF and GATA-factors 4 and 5 by CRP LIM domains are important for the 

stimulation of expression of smooth muscle genes 61 (Figure 1.5 A).  

1.5.2 LIM domains as protein competitors 

Some LIM domains can regulate cellular activities by competing for LIM domain 

binding sites of common partners. LMO (LIM-only protein), LIM-HD (LIM-

homeodomain), and Lbd1 (LIM domains-binding protein 1) are examples of the 

LIM domain's ability to regulate the transcription activity of developmental genes 

and cell fate. LIM-HD and LMO are regulated by Lbd1 62,63.  

Lbd1 contains an N-terminal dimerization region, central for its function, and 

a C-terminal LIM binding domain (LID) composed of 39 residues. Multimerization 

of Lbd1 enhances DNA binding by LIM-HDs. LMO regulates the transcription  and 

downregulates LIM-HD activity by competing for binding to Lbd1 LID domain 64-66, 

The structure of LMO LIM1-2 bound to the Lbd1 LID region reveals that the 

proteins form a rod-like structure, with the LID region bounded in an extended 

manner across the entire length of the two tandem LIM domains. This complex 

forms a tandem b-zipper mediated by a network of extensive hydrogen-bond and 

electrostatic integrations 65 (Figure 1.4C).  
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1.5.3 LIM domains in protein localization 

LIM domains are essential for the proper distribution of proteins to specialized 

compartments. Zyxin, which contains three C-terminal LIM domains, has been 

shown to translocate testin (TES) to focal adhesions via its LIM1 domain. This 

recruitment is fundamental for the movement of TES to focal adhesions36-39 

(Figure 1.4C).  

1.5.4. LIM domains as autoinhibition modules 

Changes in conformation can regulate protein function. LIM domains serve an 

autoinhibition function in some LIM-containing proteins. Specifically, my thesis 

focuses on the autoregulation of LIMK via its N-terminal LIM and PDZ domains. 

As discussed in this thesis, the LIM domains of the LIMK family of proteins (LIMK1 

and LIMK2), specifically the LIM2 domain, regulate the catalytic activity of LIMK 

53,54. This autoinhibition mechanism is crucial for adequately transducing signals in 

cofilin-dependent actin processes. (Figure 1.4D). In Chapter 3, I study how the 

LIM domains may work in concert with the PDZ to regulate the activity of LIMK.  

1.6 LIMK contains a PDZ domain 

Followed by two sequential LIM domains is a PDZ domain. PDZ domains, named 

after the PSD-95, Dlg-1, and ZO-1 proteins where they were first discovered, are 

also protein-protein interaction modules involved in forming protein complexes 67, 

68-72. PDZ domains are among the most studied domains, with more than 268 

domains in 151 unique human proteins 73-75. PDZ domains contain a conserved 

structural fold consisting of 5 to 6 β-strands (βA-βF) and 2 to 3 α-helices (αA-αC) 
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76-80. In some cases, a C-terminal α-helix distal to the binding cleft is important for 

tight protein-protein interactions of target C-terminal partners 81-85. (Figure 1.6).  

In sections 1.6, 1.7, 1.8, and 1.9, I will discuss and describe PDZ domain 

function, classification, and regulation in depth. Specifically, in section 1.6, I 

describe the PDZ domain fold and canonical C-terminal binding. In section 1.7, I 

will discuss the classification of these domains and the sequence features they 

recognize.  In section 1.8, I will discuss the main functions PDZ domains can 

portray, and lastly, in section 1.9, I will discuss the regulation of PDZ interactions. 

These sections will provide a framework for understanding the various roles of PDZ 

domains and why my discoveries addressed in Chapter 2 significantly advance the 

understanding of LIMKs and expand the understanding of the well-studied PDZ 

fold. 

1.6.1 PDZ domains canonically contain a conserved x-Φ-G-Φ motif   

PDZ domains often bind their biding partners via a conserved binding groove 

between the βB and αB containing a conserved sequence called the “GLGF” motif, 

or ‘x-Φ-G-Φ’ motif where x represents any amino acid, and Φ represents any 

hydrophobic amino acids 72, 86,87 (Figure 1.7 A). The second residue of this motif 

adopts an α-helix conformation, while the fourth adopts a β-sheet conformation. 

Notably, the carboxyl oxygen atom of the second residue forms H-bonds with a 

residue in the α-helix, stabilizing the short helix. The third Gly in this motif is 

completely conserved in PDZ domains and adopts the left-handed α-helical 

conformation, which is thought to be essential for the PDZ fold 87. Notably, the 
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proper conformation of the residues in this loop permits amide groups to serve as 

the H-bonding donors 81,87-94. In Chapter 2, I discuss the novelty of the LIMK PDZ 

domain, particularly its unusual features in the region of the x-Φ-G-Φ motif. 

1.6.2 Canonical binding of peptide C-termini by PDZ domains  

Canonical PDZ binding involves the C-terminus of a polypeptide chain interacting 

with the x-Φ-G-Φ, forming an extended antiparallel β-sheet that stacks against the 

βB helix through a network of H-bonds between the peptide and residues in the 

binding cleft  68 (Figure 1.7 B). The ligand binds to the PDZ domain as an anti-

parallel extension of the β-sheet of the domain, and while ligands at positions -1 

and -3 head toward the solvent, the positions 0 and -2 point toward the binding 

pocket 95.  Positions 0 and -2 are crucial for recognition by their corresponding PDZ 

domain partner 87. The importance of this binding cleft region has been 

fundamental for the study of PDZ domains. Historically, the identity and mode of 

binding of a C-terminal sequence have been the basis for the PDZ classification. 

1.7 PDZ classification 

PDZ domains are mainly classified based on the C-terminus sequence these 

domains recognize, and three different classes have been characterized: Class I, 

Class II, and Class III 87,96-103.  Specificity in PDZ domains is driven mainly by the 

interaction of the first residue of helix aB (position aB1) and the side chain of the -2 

residue of the C-terminal ligand 104. The identity of other residues at the C-terminus 

of binding partners can contribute to specificity, such as the -3 position and position 

-8 87. Although this classification might be inaccurate in some instances, as PDZ 
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domains can bind some targets promiscuously, C-terminus binding sequence 

remains the primary classification mode for PDZ domains (Table 1.1). In the 

following subsections, I describe each class and conclude by relating these 

classes to what is known about the LIMK PDZ domain categorization in Section 

1.9.3. 

1.7.1 Class I PDZ domains  

Class I PDZ domains bind a consensus sequence X-T/S-X-ϕ-COOH, where a 

hydrophobic amino acid (ϕ) is at the C-terminus or position 0, followed by any 

amino acid (X) at -1, and then Ser or Thr at the -2 position 104,105. Structurally, many 

of the PDZ members of this class contain a conserved His at the C-terminus of aB 

and mediate hydrogen bonding with the hydroxyl group of the S/T in the -2 position 

in the peptide binder106 86,107,108.  

1.7.2 Class II PDZ domains  

Class II PDZs recognize ligand sequences with the ϕ-X-ϕ-COOH motif at the C-

terminus. Unlike Class I PDZ domains, class II PDZ domain interactions are 

characterized by hydrophobic interactions. Instead of a His residue at the C-

terminus of aB, Class II PDZ domains contain a hydrophobic residue 109-111.  

1.7.3 Class III PDZ domains  

Class III PDZ domains recognize D/E-X-Φ-COOH71,105,112. This specificity is 

determined by the coordination of a hydroxyl group of a Tyr residue in the C-

terminus of aB with the side-chain of an Asp at position -4 in the C-terminal peptide 

109,113.  
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To date, most PDZ domains are classified as Class I or Class II PDZ 

domains. However, only some PDZ domains in the human genome have been 

assigned a C-terminus binding sequence. Therefore, intersection of classes are 

believed to be the case for many PDZ domains. The LIMK PDZ domain has not 

been assigned to a PDZ class as no functional peptide C-terminal sequence 

identified binds specifically to it. A C-terminal Class III “DKV” motif in MT1-MMP 

was suggested to bind to the PDZ domain of LIMK114. However, it is not clear if 

this interaction is direct. In section 1.15.1, I detail the interaction between LIMK1 

and MT1-MMP protein.   

1.8 PDZ domain functions 

PDZ domains can exist as independently folded domains or in the presence of 

other domains as units within multi-domain proteins. Most PDZ-containing proteins 

lack intrinsic enzymatic activity and mainly function as scaffold proteins71,87,109,114-

118. PDZ domains are fundamental for a wide range of cellular processes, including 

directed cell migration, establishment of cell polarity, embryonic development, 

trafficking and clustering of receptors, and targeting of signal complexes, and have 

been associated with different types of cancers 67,115,119-126.  

In the following sections (1.8.1 – 1.8.7), I will discuss the various functions 

of PDZ domains and how these functions relate to the potential role of the PDZ 

domain of LIMKs. 
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1.8.1 PDZ mediated interactions and non-canonical PDZ binding of protein 

binding motifs (PBM) 

In addition to C-terminal peptide binding, PDZ domains can mediate other non-

canonical binding interactions. Non-canonical binding of PDZ domains involves 

binding internal loops and other non-terminal peptides such as ankyrin repeats, 

spectrin repeats, LIM domains, and phosphoinositide lipids46,78,127-132. In the 

following subsection, I provide an example of non-canonical PDZ domain binding.  

1.8.2 Homotypic PDZ interactions 

One prominent feature of PDZ domain proteins is that they commonly contain 

multiple PDZ domains. Often, in these various PDZ domains, the sequence 

between them is highly conserved and may play a role in the PDZ domain 

functionality. Frequently, PDZ domains in these proteins interact, forming 

homotypic PDZ interactions. One example of this is found in GRIP1.  

Glutamate receptor-interacting protein 1 (GRIP1) is a PDZ domain only 

containing seven PDZ domains.  GRIP1 PDZ4 and PDZ5 bind the C-terminal tail 

of the GluR2 subunit of the AMPA receptor 79. The interactions occur specifically 

with PDZ5; however, PDZ5 cannot bind its target C-terminal peptide without PDZ4. 

A closer look at the published crystal structure reveals that the conserved linker 

between the two PDZ domains plays a critical role in integrating the function of the 

two PDZ domains by forming a β-strand antiparallel to βA of PDZ5 and by directly 

interacting with the N-terminal extension of PDZ4133. Interestingly, the PDZ5 on its 

own is unfolded and cannot bind the C-terminal peptide of GluR2, while the PDZ4 
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is stably folded. Therefore, the role of PDZ4 is to keep the PDZ in a stable fold, 

thus creating a PDZ supramodule apt for binding the C-terminus of GluR279 

(Figure 1.8.A).  

1.8.3 Heterotypic PDZ interactions 

PDZ-containing proteins can also coexist with other protein-protein interaction 

domains or signaling modules. Observations of heterotypic PDZ supramodules 

have been observed and are considered fundamental for creating higher-order 

units that carry specific functions 73,123,134. An example can be observed with the 

Harmonin and Sans complex.  

Harmonin is a multi-PDZ-containing protein that, together with Sans 

(USH1G) and other protein members, forms the USH1 (Usher syndrome 1)  protein 

complex 135. Biochemical data have revealed that the Harmonin N-terminal 

domain, PDZ1, and a stretch of residues after PDZ1 are required to interact with 

the SAM (sterile α-motif)  domain and C-terminal PDZ binding motif (PBM) of Sans 

136. This is explained by the N-terminal domain and PDZ1 being tethered by the C-

terminal PDZ1 extension, creating a miniature domain composed of a β-hairpin 

followed by an α-helix. This supramodule can interact with Sans’s C-terminal 

peptide and the SAM domain. The crystal structure of this complex revealed that 

the canonical Sans C-terminal sequence binds to the αB/βB groove of the PDZ1 

of Harmonin, and the upstream four residues (-4 to -7 position of the C-terminal 

peptide of Sans) interact with the miniature domain extension that follows the 

PDZ1. PDZ1 is unstable when expressed independently and unable to bind to the 
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Sans C-terminal peptide. Therefore, the interaction between the N-terminal 

domain and PDZ1 of Harmonin is necessary to form a high-affinity complex with 

Sans‘s C-terminal PBM and SAM domain (Figure 1.8.B).  

1.8.4 Internal Peptide Binding 

PDZ domains primarily bind C-terminal peptides on their binding targets. This 

interaction is observed in the canonical binding cleft between the αB and βB 

structural features. Interestingly PDZ domains can interact with internal peptides 

in this cleft. One example is observed in Par-6 (partitioning defective)-6 PDZ 

domain and Pals1 PBM 128.  

This complex structure revealed that the Pals1 internal PBM adopts an 

extended conformation compatible with binding to the αB and βB binding cleft. The 

aspartic acid side chain at position +1 in the internal peptide sequence simulates 

the carboxy group binding loop of the PDZ domain 128(Figure 1.9 A).  

1.8.5 Distal interactions in canonical PDZ binding 

In canonical PDZ binding, other PDZ-C-terminal interactions have been observed. 

In the case of Par-3 PDZ3 domain and the PTEN (phosphatase and tensin 

homolog deleted on chromosome 10) or VE-cadherin (vascular endothelial 

cadherin), two distinct binding sites have been observed. The first binding site is 

the canonical PDZ ligand binding cleft. The second binding site is distal to the 

binding cleft and mediates a  charge interaction in the βB/βC loop 110,137. The two 

distinct binding sites are thought to be necessary for interaction specificity 137 
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(Figure 1.9 B). In Chapter 2, I discuss distal binding for the LIMK PDZ domain. My 

studies suggest this to be an important aspect of LIMK autoregulation. 

1.8.6 Allosteric Regulation of PDZ binding activity 

PDZ domains can also undertake allosteric regulation. Par-6 PDZ domain contains 

a semi-CRIB (cell division cycle 42/Rac-interactive binding) in its N-terminus 

known to bind covalently to the in its active GTP-bound form of Cdc42138. In its apo 

form, the Par-6 PDZ N-terminal CRIB extension is unstructured. However, upon 

Cdc42-GTP binding, it forms a β-strand extension antiparallel to both β2 of Cdc42 

and βA of Par-6 PDZ. Also, Cdc42 interacts directly with the αA helix of Par-6. This 

new network of interactions mediated by the binding of Cdc42 allosterically affects 

the peptide binding groove of the Par-6 PDZ domain, enhancing its binding affinity 

to C-terminal peptide targets 139 (Figure 1.10 A). In Chapter 3, I also explore how 

a possible interaction between the LIM2 domain could allosterically affect PDZ 

binding to protein partners.  

1.8.7 Domain swap dimerization of PDZ domains 

PDZ domains can also recognize PDZ binding motifs using domain swap. Domain 

swaps happen when two or more identical protein monomers exchange structural 

elements and form dimers structurally similar to the original monomer140. This 

mechanism is observed in ZO-1 PDZ2 and Connexin43 (Cx43) 141. The structure 

of this complex shows that the ZO-1 PDZ2 undergoes domain swap dimerization, 

induced by the lack of connecting residues between its βB and βC 141. The domain 

swap dimerization is necessary to create a highly charged target-binding site at 
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the dimer interface, distal to the canonical C-terminal binding cleft. This new 

binding site increases the affinity and specificity of Cx43 in binding to ZO-1 PDZ2. 

Interestingly, two Ser residues at the -9 and -10 positions of the Cx43 C-terminal 

PBM are reported kinase substrates, and phosphorylation of these residues is 

thought to weaken the interaction with ZO-1 PDZ 142. Dynamic modification of 

these residues is considered a regulatory switch (Figure 1.10 B). Clearly, in total, 

PDZ domain-mediated interactions can happen in distinct ways  

LIMK PDZ domain might use one or more ways to target specific binding 

partners to LIMK. Also, its interaction with binding partners might be regulated by 

changes in the conformation of its binding cleft, or it may employ a novel 

recognition mechanism. In Chapter 2, I provide in-depth information on the PDZ 

domain of LIMK and how it may be involved in regulating catalytic activity.  

1.9 Regulation of PDZ interactions  

PDZ domain interactions are most often reversible. In the following subsections, I 

describe the functional regulation of PDZ interactions, including phosphorylation, 

autoinhibition, and allosteric regulation. I then discuss how the LIMK PDZ domain 

might utilize these functions to regulate kinase activity.   

1.9.1 Phosphorylation in PDZ-mediated interactions  

C-terminal PDZ binding motifs (PBM) contain Ser, Thr, and Tyr residues that 

participate in engagement with cognate PDZ binding partners 26,87,127,143-147. 

Phosphorylation of these residues in PBMs is expected to weaken or completely 

disrupt their PDZ binding capabilities. An example of PBM phosphorylation is 
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observed in the subunit GluR2 tail of the AMPA receptors. As mentioned in a 

previous section, the GluR2 tail can bind the PDZ4 and PDZ5 of GRIP1.  Also, it 

has been shown to bind to the PDZ domain of protein interacting with C kinase 

(PICK1). The GluR2 C-terminal sequence, IESVKI, is phosphorylated at position -

3 (Ser) residue by Protein kinase C (PKC). This phosphorylation binding affinity to 

the GRIP1 PDZ4 and PDZ5 domains, but it retains a similar affinity towards the 

PICK1 PDZ domain. Structural studies were able to explain the reduction in affinity. 

The crystal structure of the GluR2 C-terminal tail bound to the PICK1 PDZ domain 

shows a Lys residue in the bottom of the αB1 position, possibly favorable for 

binding phosphorylated -3 Ser. On the other hand, GRIP1 contains a glutamic acid 

at this position. This charge would probably repel phosphorylated -3 Ser, making 

it an unfavorable interaction, which could explain the decrease in affinity (Figure 

1.11 A). Therefore, phosphorylation of PBM is a regulatory mechanism that 

regulates PDZ binding interactions in the cell.  

1.9.2 Autoinhibition of PDZ domains 

Autoinhibition is a well-represented regulatory mechanism in protein signaling 

complexes. Some PDZ-containing proteins have a PBM at the C-terminus that can 

bind to their own PDZ and prevent binding from other ligands. One example of this 

is observed in X11α, a member of the X11/Mint family of multidomain scaffold 

proteins, comprising X11α/Mint1, X11β/Mint2, and X11γ/Mint. Each family 

member contains a conserved phosphotyrosine-binding domain (PTB) followed by 

two C-terminal PDZ domains. When isolated, the two PDZ domains exhibit 
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different binding properties than when expressed in tandem. Structural studies 

revealed that the two PDZ domains interact, forming a PDZ supramodule. The C-

terminal tail of X11α folds back and inserts itself in the binding cleft of the first PDZ 

domain (PDZ1), creating a closed conformation of PDZ1148.  

Interestingly, this autoregulation is regulated by phosphorylation, as the C-

terminal X11α tail contains a conserved Tyr at position -1 that is thought to act as 

a molecular switch. Mutation of -1Tyr to Glu releases the autoinhibitory tail of X11α 

from PDZ1, which then binds to the PDZ2 and mediates different signaling events 

148. This autoinhibition mechanism, coupled with phosphorylation observed in 

X11α, exemplifies how different regulatory mechanisms of PDZ-mediated 

interactions are important for X11α targeted interactions (Figure 1.11 B).  

1.9.3 Allosteric conformation regulation 

PDZ domains rely on allosteric conformational changes to regulate the propagation 

of signals102,118,149. Allostery in PDZ domains is a phenomenon where ligand-

binding changes the conformation or dynamics of a distal region  102,118,127,149. 

These changes in conformations not only affect local conformation but are also 

thought to change the thermodynamic landscape of the domain.  

An example of allostery can be revisited from the Par-6 PDZ and CRIB 

domain complex. Specifically, changes in the αA helix induce allosteric changes in 

the PDZ domain. In the case of Par-6 PDZ and CRIB, binding of Cdc42 to the Par-

6 PDZ αA-helix causes conformational changes that increase the binding affinity 

of C-terminal peptide ligands. However, internal peptide binding of Pals1 to the 



46 

 

Par-6 PDZ domain, independent of Cdc42, also induces conformational changes 

in the PDZ binding cleft that allow for peptide binding128,138,139,150,151. Pals1 relies 

on specific interactions beyond the residue at position 0 to take advantage of the 

carboxylate binding loop region conformation plasticity of the PDZ domain of Par-

6151. Par-6 is an example of a two-way allosteric regulation, which is considered 

fundamental for regulating Par-6 binding partners. Allostery has been observed in 

other parts of the PDZ domain, such as the αA helix, the αB lower-loop, and the 

αC helix 73,103,116,149 (Figure 1.10 A). In my structural studies of the LIMK PDZ 

domain, I find unusual structural features in the canonical αA helix region, which 

may represent a potential inference of allosteric changes in LIMK PDZ. 

1.9.3 LIMK PDZ domain peptide binders 

In the case of LIMK, peptide binding screens such as phage display have failed to 

determine binding partners for LIMK PDZ 67,101,152,153. Recently, a study found a 

consensus recognition sequence for LIMK PDZ domains 154. This study used a 

PDZ-PBM interactome covering all 266 human PDZ domains to quantify 

dissociation constants of PDZ interactions with a 10-mer peptide library of viral and 

human PBM. Coupled with mass spectrometry and a threshold for identification 

between a Kd of 0.3 to 800 µM, this study found only nine peptides binding to 

LIMK1 PDZ and one binding to LIMK2 154.  Based on their findings, a PBM 

consensus can be extracted from this study, ETXV/L-COOH, which would place 

LIMK as a Class I PDZ domain. However, LIMK does not contain a His residue C-

terminal to the aB, a typical signature of Class I PDZ domains.  One of the screen 
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hits corresponds to a C-terminal sequence from Lymphokine-activated killer T-cell-

originated protein kinase (PKB). This C-terminal peptide binds LIMK1 PDZ with a 

Kd of 30 µM.  However, more studies are needed to corroborate the in vitro binding 

of this PBM to LIMK1. A C-terminal Class III “DKV-COOH” motif in MT1-MMP has 

been reported to bind to the PDZ domain of LIMK1. However, no in vitro validation 

has been reported for this interaction. More studies are needed to validate whether 

the LIMK PDZ domain can bind a consensus Class I PDZ binding motif ETXV/L-

COOH or a Class III PDZ binding motif sequence  DKV-COOH or both.  

The PDZ domain of LIMKs is an unusual PDZ domain. Many features of this 

domain do not follow canonical PDZ sequence or fold. In Chapter 2, I describe the 

unusual features found in this domain. However, as discussed in these sections, 

one might assume that the LIMK PDZ domain could regulate LIMK activity using 

an allosteric mechanism while interacting with the kinase domain in a non-

canonical manner (LIMK does not contain a C-terminus PDZ binding motif). Protein 

binding partners could bind to this PDZ and interrupt PDZ-mediated regulation of 

LIMK. Regulation of these interactions could involve phosphorylation of binding 

regions and conformational changes upon binding that might affect the affinity of 

the PDZ domain to the kinase domain.  

1.10 LIMK contains a Ser/Pro-rich region 

Following the PDZ domain is a linker region rich in serine and proline residues (S/P 

rich region) (Figure 1.2). Although this region is less conserved than the LIMK 
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protein domains, it shows conservation in specific Ser residues (Figure 1.12). The 

Ser/Pro-rich region is considered flexible and important for activity regulation. 

  Conserved serine residues within the linker region are believed to be 

substrates for Aurora kinase 155, PKA 156, and MK2 157 and could be significant in 

kinase regulation and pathway divergence. This topic will be described in a later 

section (Section 1.16).  

In an intramolecular regulation model, this region’s flexibility could be 

necessary for the  N-terminus and C-terminal to come into proximity.  

1.11 LIMK contains a kinase domain in the C-terminus  

Protein phosphorylation is fundamental for regulating and coordinating different 

cellular processes, including gene expression, cell growth, differentiation, motility, 

and division 158-163. Proper control of these processes is dependent, to some 

degree, on the activity and conformation of the kinase.  

Over 500 protein kinases are recognized by sequence conservation, 

constituting the third most populous protein family, representing close to 2% of the 

expressed proteins of the human genome 162. Most protein kinases phosphorylate 

serine or threonine residues, while a smaller number phosphorylate tyrosine 162,164. 

The protein kinase fold is about 300 amino acids in length. The active site is 

“sandwiched” between an N-terminal lobe, mainly containing b-strands and one 

helix (termed the aC helix) and the C-lobe. The N-lobe includes the phosphate 

binding loop (P-loop), which is Gly-rich motif involved in the alignment of the 

phosphate groups for catalysis, an AxK sequence in the b3, where the Lys can 
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stabilize ATP binding in conformationally active kinases or form a salt bridge with 

an Asp in the aC in conformationally inactive kinases.  The C-terminal lobe is 

connected by a linker, also known as the ”hinge region.” The C-lobe is bigger in 

size and includes the activation segment, composed of 20-35 residues located 

between a conserved DFG (Asp-Phe-Gly) motif and the APE (Asp-Pro-Glu)  motif 

and an HRDXKXXN (His-Arg-Asp-X-Lys-X-X-Glu) sequence involved in the 

catalysis of the phosphotransfer reaction 165 (Figure 1.13 A).  The conformation 

and phosphorylation state of the activation segment is often indicative of the 

“active” and “inactive” state of the kinase domain. This segment also includes the 

P+1 loop, which provides a docking site for the residue immediately after the target 

phosphorylation residue in the substrate 166-168. The identity of the P+1 loop is 

usually correlated with the specificity of the kinase 166-168.  The P+1 loop is essential 

for the interaction of the peptide backbone of a bound substrate. It is crucial to 

control the distance of the peptide backbone from the active site, thus dictating the 

size of the phosphoacceptor that can be accommodated 169,170. Moreover, docking 

interactions between short peptide motifs on the substrate and a groove on the 

catalytic domain outside the active site in the kinase/substrate can confer high 

specificity and, in some cases, allosteric regulation 171.   

1.11.1 Protein kinase active conformation and inactive conformation  

Protein kinase active conformation involves changes that allow for the proper 

positioning of the substrate and catalytic groups and the dissipation of any steric 

blocking to permit the substrate to access the catalytic site 165. Phosphorylation of 
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the activation segment is known to change the kinase conformation to allow for 

substrate binding and catalysis. The activation segment can be phosphorylated by 

other kinases or the kinase itself. In some cases, it depends on the sequence 

around the phosphorylation residues and if this sequence agrees with the kinase 

specificity 165,172. However, for some Ser/Thr kinases, the autophosphorylation site 

differs from the kinases' substrate specificity sequence 173.  

In the inactive state, the activation loop is often structurally disordered. In 

contrast to the active kinase conformation, the inactive state is structurally highly 

diverse between protein kinases since there are no catalytic constraints on the 

fold. However, a common feature in inactive kinases includes the Phe from the 

DFG motif being turned toward the ATP binding site and changes in the orientation 

of the C-helix 162. 

1.11.2 ATP engagement in the catalytic cleft  

The kinase engagement with ATP is described as the C-helix packing the N-

terminal lobe, with the Asp of the DFG motif chelating the Mg2+ ion to orient the 

ATP. The triphosphate group is oriented out of the ATP pocket to transfer the g-

phosphate to the peptide substrate. In the N-terminal lobe, a conserved Glu within 

the C-helix, a Lys on b3, a bound Mg2+ by the Asp in the DFG motif, and an Asn in 

the C-terminal lobe collectively help position the a and b phosphate groups within 

the ATP binding pocket. A second Mg2+ is often bound to an Asp and the β- and 

γ-phosphate groups, further stabilizing the ATP conformation. Other sidechain 

interactions are observed between the ATP β- and γ-phosphate groups, and the 
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glycine-rich loop located between β1 and β2 in the kinase N-lobe also stabilizes 

the ATP conformation (Figure 1.13 B).  

Phosphorylation of the activation loop triggers the adoption of a catalytically 

competent conformation to recognize the peptide substrate. In the case of the 

Ser/Thr kinase PKA (PDB: 1ATP), phosphothreonine (pThr) is the center of a 

network of bonds with the residues His87 from the C-helix, Arg165 from the HRD 

motif, and Lys189 from the activation segment that helps “close” the two lobes for 

the correct change in conformation, compatible with substrate binding174 (Figure 

1.12 C). Not all kinases require activation loop phosphorylation to be catalytically 

active; other kinases can adopt the correct conformation through other interactions 

(e.g., phosphorylase kinase (PhK), epidermal growth factor (EGFR), and others).  

Other structural motifs have been related to active and inactive conformations, 

such as the position of the Asp in the DFG motif and the formation and the dynamic 

assembly of the “spine,” composed of hydrophobic residues that help coordinate 

the active conformation168,175. 

1.11.3 Kinase reaction 

The kinase reaction is thought to encompass three significant steps; first, the 

hydroxyl group of the side chains of Ser, Thr, or Tyr is positioned opposite to the 

leaving group (phosphate ester oxygen), leading to inversion of the configuration 

at the phosphorus, then nucleophilic attack by the substrate hydroxyl group, 

followed by general base catalysis from the catalytic Asp (HRD) and finally general 

acid catalysis for the transfer of the proton 162.  
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1.11.4 Ser/Thr kinases  

Serine/Threonine kinases are involved in the phosphorylation of the hydroxyl group 

of Ser or Thr substrates and are the most populated group of the human kinome12.  

Structurally, the most studied group, the Serine/Threonine kinases, follow the 

canonical kinase fold and show conserved signature residues in the catalytic 

domain necessary for accommodating small aliphatic phosphoacceptor residues 

169. Some clues in their catalytic cleft provide information on their specificity. A Lys 

residue follows the catalytic Asp, two residues away, and contacts the g-phosphate 

to stabilize the local negative charge during catalysis. The DFG motif also provides 

information about the substrate specificity of the kinase, as the DFG+1 residue 

dictates the preference for Ser or Thr in Ser/Thr kinases 176. A b-branched residue 

in the DFG+1 position is most found in protein kinases that prefer Thr, while Phe 

dictates a preference for Ser176. LIMK contains a Leu in the DFG+1 position, which 

correlates with Ser specificity. However, this motif cannot explain its dual specificity 

activity.  

1.11.5 Dual specificity kinases   

Dual-specificity kinases can phosphorylate Ser/Thr and Tyr residues. Early 

research suggested that dual-specificity kinases could phosphorylate both Ser/Thr 

and have the capacity to autophosphorylate at Tyr residues. However, dual-

specificity kinases have been shown to be true dual-specificity kinases with the 

ability to phosphorylate Ser/Thr and Tyr in exogenous substrates 177.  
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No consensus sequence has been found in the kinase domain that provides 

definite information about the dual specificity of a kinase. It is possible that one or 

more modifications in the amino acid sequence of a kinase domain can change 

the selectivity of a kinase by steric changes in the catalytic site that allow the 

accommodation of a larger residue.  Moreover, dual-specificity kinases are thought 

to have a more flexible active site than the Ser/Thr kinases and Tyr kinases 

counterparts that permit positioning of either type of hydroxyl group. Also, the 

substrate is oriented in the active site, so the hydroxyl is directed toward the 

catalytic Asp (in the HRD motif). In Ser/Thr kinases, a Lys residue follows the 

catalytic Asp, two residues away, and contacts the g-phosphate to stabilize the 

local negative charge during catalysis. An Arg residue, four residues away from 

the catalytic Asp, in tyrosine kinases, allows for the larger tyrosine residue 162. 

Another key difference is the identity of the APE -5 residue (5 residues 

upstream of the APE motif at the end of the activation loop). In Ser/Thr 

kinases, a polar residue (usually Thr) always makes polar contact with the 

catalytic Asp. In Tyr kinases, it is always a Pro residue, which makes 

hydrophobic interaction with the Tyr aromatic ring form the substrate178. 

1.11.6 Tyrosine kinases  

The tyrosine kinase family of proteins includes receptor tyrosine kinases and non-

receptor tyrosine. These protein kinases are known to phosphorylate Tyr residues 

in different substrates and are the less populated group of the human kinome12. 
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Receptor tyrosine kinases are cell-membrane receptors that carry catalytic activity. 

For most receptor tyrosine kinase binding of extracellular ligands, oligomerization, 

and transphosphorylation of the kinase domain activation loop lead to creating a 

catalytically competent kinase 170. Below, I describe some of the regulation 

mechanisms for non-receptor tyrosine kinases. These mechanisms may provide 

insights into how the LIMKs are regulated as LIMK are dual specificity kinases.  

Non-receptor Tyr kinases lack receptor-like features and are mainly 

localized in the cytoplasm and cell periphery due to lipid modifications and other 

types of interactions. Non-receptor Tyr kinases possess domains that mediate 

protein-protein interactions, such as the Src homology 2 (SH2) and 3 (SH3) 

domains, or domains required to localize to specific sites of the cell 170.  

Tyr and Ser/Thr kinase domains share the same overall fold, resulting from 

the selective evolutionary pressure to retain catalytic activity. Differences are 

observed with insertions on surface loops and conservation in their catalytic 

domain that is thought to help accommodate the larger Tyr aromatic side chain 

160,170. The major difference between Ser/Thr kinases and Tyr kinases is observed 

in the activation loop, as the conformation of this loop depends on the 

phosphorylation state of the activation residue. In Ser/Thr kinases, a Lys residue 

follows the catalytic Asp, two residues away, and contacts the g-phosphate to 

stabilize the local negative charge during catalysis. An Arg, four residues away 

from the catalytic Asp, in tyrosine kinases, allows for the larger tyrosine residue 

162.  
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1.11.7 LIM domain kinases are dual-specificity kinases  

The LIM domain kinases are dual specificity kinases and, together with the 

TESKs, are members of the tyrosine kinase-like group 12. LIMK contains features 

in its kinase domain that resemble protein Tyr kinases but it phosphorylates both 

Ser/Thr and Tyr residues. LIMK kinase domain possesses all the conserved 

sequence motifs found in protein kinase domains, including a glycine-rich loop (G-

loop/P-loop), a canonical lysine 355 (Lys355 in LIMK1 and Lys347 in LIMK2) 

involved in ATP binding, a DFG motif (involved in kinase activation by aiding the 

positioning of the magnesium), an APE motif, also involved in kinase activation 

and an HRD motif (residues 458-460) involved in substrate binding and kinase 

catalytic activity. LIMK is not reported to autophosphorylate and relies on upstream 

regulators for activation loop phosphorylation 179-181. 

LIMK is believed to be a dual-specificity kinase, meaning it can 

phosphorylate serine, threonine, and tyrosine. LIMK has been shown to 

autophosphorylate itself and phosphorylate tyrosine in vitro by replacing Ser3 of 

cofilin with a Tyr 182-185. However, in vitro experiments of Thr phosphorylation 

showed very low activity 13,185. This could be explained by the identification of a  

Leu in the DFG+1 position that can likely create steric hindrance for the binding of 

the branched Thr 176. 

The kinase fold and residues essential for catalysis are highly conserved. 

LIMK portrays a canonical kinase fold and contains all conserved residues critical 

for catalysis 186. Different from other protein kinases is its dual specificity activity, 
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mainly for Ser and Tyr residues, rather than Thr. Also, only one characterized 

substrate has been extensively studied, cofilin, making it a highly monogamous 

kinase.  

1.12 LIMK expression and localization 

LIMK1 and LIMK2 are highly related members of the LIMK family with different 

expression and localization profiles. In its domain architecture, LIMK1 possesses 

a nuclear export signal (NES) in its PDZ domain and a nuclear localization signal 

(NLS) in its kinase domain 187. On the other hand, LIMK2 contains an NLS in its 

kinase domain that, upon phosphorylation at this site by protein kinase C (PKC), 

partially inhibits nuclear import 188.  

Human LIMK1 and LIMK2 are encoded by two different genes, located at 

7q11.23 and 22q12.2, respectively 10. Expression profiles differ, with LIMK1 having 

higher expression levels in the brain, kidney, lung, stomach, and testis, while 

LIMK2 has a broader expression profile observed in both adult and embryonic 

tissue. Interestingly, a testis-specific LIMK2, also named LIMK2t, lacks the N-

terminal LIM domains and a portion of the PDZ domain. LIMK2t is expressed in 

testis tissues and is believed to be important for spermatogenesis 189,190. Also, 

LIMK2-1 has been characterized as an isoform that contains a protein 

phosphatase 1 (PP1) inhibitory domain thought to regulate cofilin not by 

phosphorylation but by interacting with PP1 and inhibiting its dephosphorylation 

activity towards cofilin191.   
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LIMK, phylogenetically, is present in vertebrates, Drosophila, and 

Anopheles but is absent in yeast, C. elegans, and Dictyostelium. Therefore, it has 

been proposed that LIMK and its role in cofilin phosphoregulation may have 

evolved to reorganize the actin cytoskeleton during complex multicellular 

processes in some higher organisms 192. Primarily, LIMK has been associated with 

normal central system development, and deletion and misregulation of LIMK have 

been implicated in humans with developmental disorders including tumor-cell 

invasion, metastasis, and abnormal testis development, and others 17,193-201. 

1.12.1 LIMK genetic deletions  

Deletion of the region that encodes for the LIMK1 gene has been associated with 

abnormal nervous system development 17,202. Specifically, LIMK1 gene deletions 

have been implicated in the development of the genetic condition Williams 

syndrome, characterized by impaired visuospatial cognition, neurological 

abnormalities, and cardiac disease 203-209. In the case of LIMK2, deletion in mice 

has been shown to reduce spermatogenic ability 190. Deletion of both LIMK1 and 

LIMK2 coding genes in mice impairs synaptic function 206. Notably, the fact that the 

double knockouts of LIMK are not embryonic lethal may be related to the 

redundancy of functions with TESK1 and TESK2210,211.  

1.12.2 LIMK and disease  

LIMK has been related to different diseases 17,197,200. For example, LIMK1 has 

been linked to primary pulmonary hypertension (PPH), as it interacts with Bone 

Morphogenic Receptor II (BMPRII) tail 212. Mutations and this tail region and 
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truncations have been observed in PPH patients. This interaction is briefly 

described in section 1.8.1, but the specific mechanism and effect of this interaction 

with LIMK1 activity remains to be elucidated. LIMK has also been readily shown to 

be involved in cancer metastasis.  

LIMK, as a regulator of cell invasion, has been proposed to mediate cancer 

cell metastasis by controlling actin filament dynamics, as levels of phosphorylated 

and unphosphorylated cofilin play a crucial role in the metastatic potential of cancer 

cells213-227. LIMK overexpression coordinated with increased cofilin 

phosphorylation has been observed in a wide range of cancer cells, including 

melanoma cells, breast cancer cells, and prostate cancer tumors, and others 

17,199,217,224,228-230.  

1.13 LIMK signaling pathway 

LIMK proteins are fundamental regulators of actin filament dynamics in the cell and 

act downstream of the Rho GTPases signaling cascade. In the following 

subsections, I describe the signaling steps that allow LIMK kinase to function 

downstream of RHO-mediated pathways and mediate cytoskeletal changes. In 

Chapter 2, I describe how I used LIMK monogamous substrate kinase pair 

relationship with cofilin to recapitulate the LIMK signaling pathway in yeast. 

Specifically, because of the changes in cofilin phosphorylation by exogenous 

expression of LIMK, I can test how autoregulation of LIMK by the N-terminus 

domains affects cofilin phosphorylation in yeast.  
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1.13.1 LIMK signaling is downstream of RHO GTPase pathways 

Actin dynamics homeostasis is influenced by master regulators such as the small 

GTPases, precisely, members of the Rho GTPase family of proteins 231-233. 

GTPases mediate the intrinsic exchange of Rac, Rho, and Cdc42 and have been 

associated with cell cytoskeleton changes by regulating LIMK1 and LIMK2 via 

activator protein kinases such as PAK, ROCK, and MRCK 179-181,234 (Figure 1.4).  

1.13.2  Rac, a member of the RHO GTPases, was the first upstream regulator 

to be identified 

The first Rho GTPase to be associated with  LIMK signaling was Rac. Rac (Ras-

related C3 botulinum toxin substrate 1) is responsible for cytoskeletal changes that 

mainly include the generation of lamellipodia 231,235,236. The Rac-LIMK connection 

came after a study identified b-actin as a LIMK binder in pulldown experiments 189. 

To investigate how Rac-LIMK1 binding interactions impact the cytoskeleton, Yang 

et al. transfected HeLa cells with the cDNA of LIMK1 189. They observed the 

accumulation of polymerized actin in the cell periphery, showing that 

overexpression of LIMK1 significantly impacted actin dynamics.  To identify the 

direct binding LIMK substrate that affects actin dynamics, LIMK1 

immunoprecipitates were analyzed from COS7 cells transfected with LIMK cDNA.  

Immunoprecipitates were subjected to in vitro kinase reaction with radiolabeled 

ATP, which revealed cofilin as a phosphorylatable substrate.  This observation was 

later supported by in situ experiments showing substantial cofilin phosphorylation, 
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not observed in the S3A cofilin mutant, corresponding to the physiological 

phosphorylation site 189.  

Rac is known to regulate actin cytoskeletal organization, so the next step 

was to test if Rac is associated with LIMK-related cytoskeletal changes.  For this, 

COS7 cells were transfected with Rac12V (active RAC mutant) and inactive LIMK1 

D460A. Control cells with only transfected Rac12V showed enhanced lamellipodia 

formation compared to cells co-transfected with LIMK1 D460A and RacV12.  Rac 

was also found to be an upstream regulator as transfection of dominant active 

RacV12 showed a two-fold increase in LIMK1 kinase activity in in vitro assays 

using cofilin as substrate 189. These experiments first proved the connection 

between small GTPase proteins and upstream regulation of LIMKs 189. Moreover, 

these studies also showed that co-transfection of LIMK1 and a construct lacking 

21 amino acids in the kinase domain (kinase inactive) diminished the activity of 

endogenous LIMK1, signaling possible regulatory interactions between the 

catalytic domain and possibly other regions of LIMK 20,25,189.  

1.13.3 PAK acts downstream of Rac to activate LIMK1 at Thr508  

As Rac was found to be an indirect regulator of LIMK1, it was later discovered that 

p21-activated protein kinases (PAK), which are serine-threonine protein kinases 

directly downstream of Rac and Cdc42, was the bridging protein to LIMK 237. Small 

GTPases regulate PAK kinases through a region called Cdc42/Rac1 binding 

domain (CRIB), also called the GTPase binding domain (GBD)238,239. This region 

is an autoinhibitory region that, upon binding Rac and Cdc42, relieves PAK1 of its 
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autoinhibition and allows autophosphorylation and activation. Radiolabeled kinase 

assays using LIMK treated with PAK1 and GTPgS-bound Cdc42 or Rac increased 

LIMK1 activity towards cofilin 11-fold 237. Other members of the PAK family, such 

as PAK2, PAK3, and PAK4, are known to be activators of LIMK1 and LIMK2181,229. 

Interestingly, LIMK1 activation by PAK4 is markedly more efficient than PAK1181. 

PAK4-mediated activation of LIMK1 mainly is mediated through signaling by 

Cdc42 and, to a lesser extent, by Rac 181.  

1.13.4 RHO is an upstream regulator of LIMK 

Like the findings involving Rac regulation of LIMK upstream activation, Rho was 

discovered as an upstream regulator. In screens used to find Rho binding partners, 

cells treated with lysophosphatidic acid (LPA), which helps Rho-GDP transition to 

the active Rho-GTP form, identified Rho-associated serine-threonine protein 

kinase (ROCK) as a protein binder. After ROCK identification, N1E-115 

neuroblastoma cells were treated with LPA, a ROCK activator, and Y-2763A, a 

ROCK inhibitor, to find ROCK substrates. Substrates were chosen if 

phosphorylation appeared upon the addition of LPA and disappeared upon Y-

2763A addition 240. At the time these results suggested that cofilin was a substrate 

of ROCK, however, it was later found that LIMK was the true substrate.  

1.13.5 ROCK, downstream of Rho, activates LIMK at Thr508/505 

Transfection of constitutively active ROCK showed an increase in 32P incorporation 

into cofilin240. Furthermore, constitutively active Rho(V14) under Rac17N 

constitutively inactive expression (to rule out activation of Rac-mediated 
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phosphorylation of LIMK) increased cofilin phosphorylation in transfected cells. 

Rho-ROCK mediated activation of LIMK was further corroborated by 

morphological observations as LIMK1 overexpression in HeLa cells induces stress 

fiber formations, similar to the observations made by Rho and ROCK induction. 

Treatment of these cells with Y-2763A (ROCK inhibitor) resulted in reduced stress 

fiber formation. Later, the same group identified ROCK as a possible LIMK 

activator, and they were able to map the site of phosphorylation 179. Using site-

directed mutagenesis in the LIMK1 kinase domain, Thr508, within the activation 

loop, was identified as the activation loop phosphorylation site. This observation 

was supported by both in vivo and in vitro experiments. In vitro radiolabel kinase 

assays showed specific phosphorylation at Thr508 when LIMK was treated with 

ROCK, while T508A LIMK mutant was not. 

Furthermore, LIMK treatment with ROCK enhanced LIMK activity towards 

cofilin. In in vitro experiments, immunoprecipitated LIMK from N1E-115 

neuroblastoma cells treated with LPA (Rho activator) showed increased kinase 

activity towards cofilin. This effect was reversed when the cells were treated with 

Y-27632 (Rho inhibitor). Additionally, COS7 cells co-expressing ROCK and LIMK 

showed increased cofilin phosphorylation in contrast with cells co-expressing 

ROCK and LIMK T508A mutant 179. While these experiments proved the RHO-

ROCK-LIMK1 signaling transduction pathway, it was later found that a different 

GTPase is involved in the LIMK2 signaling events.  Changes in the LIMK signaling 

pathway are often observed with changes in cofilin phosphorylation. This is 
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important in the context of autoregulation, as this will be later discussed in Chapter 

2.  

1.13.6 Cdc42, another member of the RHO GTPase family, is an upstream 

regulator of LIMK Thr508/505 

Experiments using expressed LIMK1 or LIMK2 together with constitutively active 

RacV12, RhoV14, and Cdc42V12 or inactive RacN17, RhoN19, and Cdc42N17 

showed LIMK1 to have a two-fold increased activity toward in contrast with cells 

expressing only LIMK1241. On the other hand, LIMK2 activity increased 

approximately two-fold in cells expressing either Cdc42V12 or RhoV14. Lastly, it 

was found that MRCK, a kinase downstream of Cdc42, was a LIMK activator 180. 

1.13.7 MRCK, a kinase downstream of Cdc42 activates LIMK at Thr508/505 

Myotonic dystrophy kinase-related Cdc42-binding kinases (MRCK) are serine-

threonine protein kinases involved in the actin/myosin contractability in the cell 

242,243. These proteins are critical effectors of Cdc42 and are essential for Cdc42 

actin-dependent reorganization. Cells co-transfected with MRCKα and either 

LIMK1 or LIMK2 showed a similar 1.9-to-2.3-fold increase in LIMK activity versus 

cells only transfected with LIMK1 or LIMK2. Like ROCKs and PAKs, LIMK1 and 

LIMK2 are phosphorylated at Thr508 and Thr505, respectively, by MRCK. In vitro 

kinase assays using cofilin as a substrate showed a 5 to 6-fold increase in 

immunoprecipitated LIMK2 protein from cells co-transfected with MRCK180.  

These studies revealed the distinct function of Rho GTPases preferecnes in 

LIMK activation. LIMK1 is mainly regulated by Rac, while LIMK2 is regulated by 



64 

 

Cdc42 and Rho 241. Differences in RHO GTPase preference mediate different actin 

cytoskeletal changes in the cell. Signaling of LIMK through RHO-dependent 

pathways aims to remodel the actin cytoskeleton by tightly regulating cofilin 

proteins. As discussed in these sections, LIMK changes in autoregulation have 

also shown differences in signaling through cofilin phosphorylation. 

In the next section, I describe the best characterized LIMK substrate, cofilin, 

how it relates LIMK to control actin dynamics, and how it has been used to study 

LIMK autoregulation.  

1.14 Cofilin,  LIMK’s primary substrate, drives actin cytoskeleton dynamics 

Cells remodel their cytoskeleton in response to external stimuli. Proper assembly 

of cytoskeletal building blocks, such as actin, must be spatially and temporally 

regulated. Actin regulation of assembly and disassembly of actin filaments is 

essential for cell migration, maintenance of cell polarity, cytokinesis, and 

differentiation 18. One of the molecules associated with these events is cofilin 244, 

and LIMK mediates tight regulation of actin-driven events by its phosphorylation 

18.  

Cofilin, a member of the actin depolymerizing factors (ADF) family of actin-

binding proteins, is ubiquitously expressed in every tissue and is essential for life 

in eukaryotes 245-249. Cofilin proteins are widely known for severing actin-rich 

structures by preventing spontaneous nucleotide exchange of monomeric actin, 

preferentially binding ADP-actin over ATP-actin, and limiting incorporation of ADP-

actin into filaments 250. Additionally, cofilins promote actin filament assembly by 
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increasing the pool of actin monomers. These opposing functions are determined 

by the molar ratio of actin to cofilin in cells 246. 

The discovery of cofilin as a substrate came four years after the discovery of 

LIMK. While it was known that phosphorylation inactivates cofilin at Ser-3, it was 

unknown which kinase was responsible for this phosphorylation. A clue that 

directed the field toward investigating actin-related pathways was that LIMK has 2 

LIM domains in its N-terminus, which had been shown to interact with cytosolic 

proteins related to cytoskeletal changes. While observing phalloidin-stained actin 

filaments in cells, it became apparent that LIMK was involved in actin dynamics 

189. Cells expressing LIMK constructs lacking the N-terminal LIM domains showed 

dramatic actin accumulation into large clumps 251. Around the same time, 

biochemical and cellular studies further elucidated the roles of LIMK in Rho-

mediated pathways, as LIMKs interacted with Rac-mediated cytoskeletal actin 

reorganization 189. COS-7 cells transfected with LIMK1 cDNA were used to perform 

in vitro kinase assays using  𝛾-32P ATP in immunoprecipitates 252. These 

experiments showed two bands, around 70 and 20 kD, respectively. These bands 

were not observed in control experiments using inactive LIMK1 (D460A). The 

observation of a 20 kD molecular weight band served as the first proof of substrate 

identification, as cofilin has a molecular weight of 21 kD189. This hypothesis was 

later supported by in vitro kinase assays using wild-type cofilin and cofilin S3A 

phosphorylation-resistant mutants. These experiments showed efficient 

phosphorylation of WT cofilin, but not the cofilin S3A mutant, when treated with 
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active LIMK1. LIMK1 D460N mutant was used as a control, which could not 

phosphorylate either cofilin or cofilin mutants, affirming that cofilin is a substrate of 

LIMK1. 

1.14.1 LIMK and cofilin are an unusual kinase/substrate pair 

LIMKs are responsible for cytoskeletal remodeling by interacting with its most 

characterized substrate, cofilin. Cofilin phosphoregulation is an essential diver of 

actin filament dynamics. LIMK takes part in this fundamental process by 

phosphorylating cofilin at Ser3 and regulating the pool of soluble actin monomers 

and F-actin filaments for remodeling the cell 18,244. LIMK-cofilin kinase substrate 

pair is interestingly unique as it involves a non-canonical mode of interaction 186.  

Cofilin binding and specificity for LIMK do not follow the canonical linear motif 

as it does not interact with linear sequence elements residues around the 

phosphorylation site. Cofilin and LIMK are thought to be a monogamous pair. 

Cofilin/ADF proteins are processed to remove the N-terminal initiator methionine 

and are acetylated in its N-terminus, leaving only a single amino acid before the 

phosphorylation site Ser3 253,254. Cofilin proteins have a conserved fold, where a5 

is situated perpendicular to the N-terminus, extending away from the main fold. A 

signature of LIMK interaction with cofilin involves  a5 docking into a hydrophobic 

groove in the C-lobe of LIMK found between the C-terminal portion of the activation 

loop and the aFG loop.  This interaction has been proposed to act as a "molecular 

drill jig" where the 𝛼5 helix of cofilin serves as the jig component that allows the 

Ser3 residue to be placed in the exact location for phosphotransfer to happen 186. 
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This kinase-substrate interaction observed in the LIMK family may explain the 

enhanced selectivity of LIMK towards the cofilin/ADF family of proteins (Figure 

1.14).  

To understand LIMK regulation, using cofilin as a substrate is fundamental 

to exploring changes in activity between different LIMK catalytically active 

constructs. In both Chapter 2 and Chapter 3, I use cofilin to test which LIMK N-

terminal domains can regulate LIMK activity.  

1.14.2 Slingshot phosphatase (SSH1) dephosphorylates LIMK at T508/T505 

While phosphorylation is an essential post-translational signal, dephosphorylation 

events are also necessary for the homeostasis and proper propagation of signals 

in the cell. In the case of LIMK and cofilin, slingshot phosphatases are responsible 

for their dephosphorylation.  

Regulation of cofilin activity is guided by phosphorylation and 

dephosphorylation at Ser3 253. This phosphorylation is an essential cue that guides 

cytoskeletal dynamics of actin filament assembly and disassembly while 

recuperating the actin monomer pool in the cell 255. In the case of LIMK, 

phosphorylation on the activation loop is essential for the proper regulation and 

propagation of signals in actin in actin-driven events. The slingshot (SSH) family 

of phosphatases, SSH-1 (hSSH-1L), SSH-2, and SSH3, are involved in the 

dephosphorylation and reactivation of the ADF/cofilin family of proteins and the 

dephosphorylation of LIMK 256,257.    
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SSH proteins contain an A, B, and a phosphatase domain in the N-terminus 

and a serine-rich domain in the C-terminus 256,257. While there are no reported 

functions for the A and B  domains of SSH phosphatases, it has been shown that 

SSH1 phosphatase contains a PH-like domain close to the phosphatase catalytic 

domain, previously termed SSH-N, that encompasses the C-terminal part of the A-

domain to the N-terminal region of the B-domain. This PH-domain is thought to 

play an essential role in F-actin binding and F-actin activation of the cofilin 

phosphatase activity of SSH1. While the first substrate for SSH phosphatase was 

cofilin, it has also been shown to dephosphorylate LIMK1 at Thr508258. 

 In vitro kinase assays using auto-phosphorylated LIMK (pLIMK1) incubated 

with SSH1 showed increased free (32P) levels when p-LIMK1 was incubated with 

active SSH. In contrast, in the presence of catalytically inactive SSH1 C393S (CS), 

there was no change in either p-LIMK1 or free (32P) levels, suggesting that LIMK1 

is a substrate for SSH1 phosphatase 258. Immunoblotting experiments using 

phosphor-Thr508-specific antibodies were used to identify Thr508 in the activation 

loop of LIMK1 as the dephosphorylation site 258. Dephosphorylated LIMK showed 

a 5-fold decrease in kinase activity towards cofilin. This study also revealed that 

SSH1 interacts with LIMK1 via the N-terminus of SSH1 and the C-terminal kinase 

domain of LIMK 258.   

The interaction between the kinase domain and the N-terminus of SSH1 

results in the dephosphorylation of LIMK and, therefore, the downregulation of 
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cofilin phosphorylation. This fine-tuning process is fundamental for the proper 

spatial regulation of the rapid turnover of actin filaments in the cell.  

1.15 Other LIMK understudied substrates and binding partners  

While cofilin has been extensively studied, other substrates for LIMK have been 

identified. However, the characterization of substrates in a cellular context and in 

vitro information on the mechanisms of these interactions need to be described to 

categorize these substrates as true LIMK substrates. One example of an 

uncharacterized LIMK substrate is the cyclic AMP response element binding 

protein (CREB). CREB has been reported to be phosphorylated by LIMK1 at 

Ser133. LIMK-CREB-dependent phosphorylation is believed to be essential for 

neurogenic factor-induced neuronal differentiation of CNS-derived hippocampal 

progenitor cells 259. 

In contrast, another reported substrate, MT1-MMP, is a Tyr substrate that, in 

addition to being a substrate, has been shown to bind specifically with the PDZ 

domain of LIMK1. Section 1.15.1, I introduce MT1-MMP and provide an 

experimental summary of their discovery.  

1.15.1 LIMK phosphorylates MT1-MMP at Tyr573 residue and interacts with 

LIMK PDZ domain  

Membrane-type matrix metalloprotease 1 (MT1-MMP) is a type I transmembrane 

multidomain zinc-dependent endopeptidase. MT1-MMP protein is pivotal in 

remodeling the extracellular membrane matrix (ECM) as they are important in 

degrading extracellular matrix components. MT1-MMP protein is essential for 



70 

 

wound healing, bone growth, remodeling, pathological processes such as arthritis, 

and dissemination of carcinoma cells during cancer progression 260,261. LIMK 

regulation of MT1-MMP1 happens through the phosphorylation of Tyr573, located 

in the cytoplasmatic tail on MT1-MMP. This substrate-kinase interaction is 

hypothesized to be mediated by the LIMK1 PDZ domain and a Class III C-terminus 

binding sequence, ‘DKV-COOH’ motif, found in the cytoplasmic tail of MT1-MMP 

14. However, no interaction analysis has been published, including dissociation 

constant experiments of the interaction between LIMK1 PDZ domain ante the 

‘DKV-COOH’ motif.   

This study also provides the first characterized Tyr substrate for LIMK. 

Phosphorylation at Tyr573 promotes tumor cell migration by controlling MT1-MMP 

function. This group showed that adding a LIMK-specific ATP competitive inhibitor 

or knocking down LIMK1 and LIMK2 in MDA-MB-231 cells abolishes Tyr573 

phosphorylation by LIMK. Importantly, this study provides another possible 

function for the LIMK1 PDZ domain besides autoregulatory interaction towards the 

kinase domain. However, future biochemical and in vitro studies will be needed to 

confirm the interaction between the PDZ domain of LIMK1 and the ‘DKV-COOH’ 

motif of the MT1-MMP C-terminal tail. The study presented above also attributes 

LIMK Tyr phosphorylation to a novel substrate. However, the phosphorylation of 

MT1-MMP tail by LIMK1 needs further exploration, including phosphorylation 

analysis of a peptide carrying this sequence to determine kinetic and dissociation 

constants for this interaction. 
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1.15.2 LIMK binding partners impact LIMK regulation upon binding to the N-

terminus 

Various binding partners have been identified since the discovery of LIMK proteins. 

However, many of these interactors have yet to be fully characterized. 

Nonetheless, a prominent theme between these protein-binding partners is that 

they predominantly bind to the N-terminal region of LIMK. This binding interaction 

had been shown to impact LIMK kinase activity, further supporting the observation 

of autoregulation of LIMK activity by interactions with the N-terminus domain. Next, 

I discuss identified LIMK binding partners and describe the effects these binding 

interactions have on LIMK regulation.   

1.15.3 BMPR-II interacts with the LIM1 and LIM2 domains of LIMK1 

Over the years, the search for LIMK-interacting proteins has been performed using 

yeast two-hybrid experiments212. A hit from these experiments was a clone 

encompassing a cytoplasmatic region of Bone Morphogenic Receptor II (BMPR-

II). Bone morphogenic proteins (BMP) are involved in cellular processes such as 

cell differentiation and migration and are fundamental for neuronal growth and 

morphological differentiation of dendrites 212. BMPs conduct signaling events via 

Bone Morphogenic Receptors type I and type II (BMPR-I and BMPR-II), 

transmembrane receptor serine/threonine kinases that belong to the TGF beta 

receptor family. The binding of ligands to these receptors leads BMPR type II 

(BMPR-II) to phosphorylate and activate the type I receptors, BMPR-IA (also 

known as ALK3) and BMPR-IB (ALK6). BMPR-I then phosphorylates Smad 
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proteins, causing their activation and translocation to the nucleus, where they can 

regulate BMP-related genes 262.  

LIMK1 and BMPR-II  associate via the  C-terminal tail domain of BMPR-II 

and the LIM domain region of LIMK1 262,263. Conflicting experimental data show 

different effects of this interaction on the activity of LIMK. One study reports 

inhibition of LIMK activity towards cofilin resulting from the interaction of the  C-

terminal tail of BMPRII262. In contrast, another study found enhanced LIMK 

activation in response to BMPR-II binding, and this activation was reverted by 

expression of a truncated form of BMPRII262,263.  However, both studies agree on 

the relevance of the N-terminal LIM domains of LIMK in regulating activity towards 

cofilin 263. This finding provides further evidence of regulatory interactions between 

the N-terminus domains, specifically the LIM domains, and kinase autoregulation, 

as binding of this region to the C-terminal tail of BMPR-II affects kinase activity.  

However, more studies are needed to differentiate the effect of LIMK interactions 

with BMPR-II and how these mediate different cytoskeletal changes. 

1.15.4 LRAP25a interacts with the LIM domains of LIMK, bringing MRCK for 

activation loop phosphorylation.   

Leucine repeat adaptor protein 35a (LRAP35a) is an adaptor protein involved in 

actomyosin retrograde flow and cell migration 243,264. LRAP35 contains two 

leucine-rich repeats at its N-terminal region and a PDZ-binding motif at the extreme 

C-terminus 264. In cultured cells, it has been shown to form a tripartite complex with 

MRCK 234 and a myosin protein, MYO18A,  through the leucine-rich repeats and 



73 

 

the PDZ-binding motif, respectively 264,265. Interestingly, LRAP25a, another 

adaptor protein related to LRAP35, has been shown to co-immunoprecipitate with 

MRCK264. In co-expression experiments using immunoprecipitated LRAP25a, 

wild-type LIMK1, and various deletion mutants of LIMK1, it was observed that 

LRAP25a interacts specifically with LIMK1 through the N-terminal LIM1 domain 

234. This interaction is believed to be involved in regulating LIMK1 activation loop 

phosphorylation as a LIMK1 mutant lacking the LIM1 domain had decreased levels 

of p-Thr508. Live cell imaging experiments revealed LRAP25a to act as an adaptor 

protein that brings together MRCK to promote LIMK1 activation in the 

lamellipodium, suggesting that LRAP25a targets MRCK to the lamellipodium for 

LIMK1 regulation 234. MRCK, LIMK1, and LRAP25a are believed to form a stable 

tripartite complex involved in the efficient activation of LIMK1 234. These studies 

suggest that LIM1 is responsible for linking MRCK activation of LIMK proteins, 

providing further evidence of N-terminal regulatory interactions.  

1.15.5 p57kip2 interacts with the N-terminus of LIMK, increasing LIMK activity 

p57kip2 is a cyclin-dependent kinase inhibitor that belongs to the Cip/Kip family and 

is involved in embryogenesis, tissue differentiation, and neuronal development. 

Two studies have allocated different functions to the interaction of LIMK1 to p57kip2. 

First, various studies showed that p57kip2 binds to the N-terminus of LIMK1 and 

enables the translocation of LIMK from the cytoplasm to the nucleus 266,267. This 

translocation is believed to be essential for reducing actin filament stabilization and 

stress fiber formation 267. Later, another study found that in HeLa cells, instead of 
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mediating translocation of LIMK from the cytoplasm to the nucleus, p57kip2 

increased LIMK1 activity, independent of ROCK and Th508 activation loop 

phosphorylation status, by its interaction with the LIM domains of LIMK1268. Both 

studies suggest that the interaction of p57kip2 with the LIM domain changes the 

activity of LIMK towards cofilin, further supporting the hypothesis that the N-

terminus of LIMK autoregulates kinase activity. Further studies are needed to 

delineate the mechanisms by which p57kip2  interacts with LIMK1.  

The binding partners MT1-MMP, LRAP25a, and p57kip2 have been shown 

to bind to the N-terminus domains and change the activity of LIMK. Binding of 

protein partners can disrupt interactions between the N-terminus and the C-

terminal kinase domain, changing the activity of LIMK.  

1.16 Extracatalytic phosphorylation regulates LIMK activity  

LIMK binding partners have been shown to change LIMK regulation upon binding. 

However, LIMK regulation might involve interactions of domains outside the 

catalytic domain or phosphorylation at sites distinct from the activation loop residue 

Thr508/Thr505 to regulate kinase activity. Other kinases have been shown to 

phosphorylate LIMK at other sites besides the activation loop, specifically in the 

Ser/Pro-rich region. These phosphorylation events are proposed to be 

independent of the canonical Rho/Cdc42/Rac dependent pathways and are 

believed to change the activity of LIMK towards cofilin. These phosphorylation 

events are hypothesized to “open” or disrupt intramolecular interactions between 

the N-terminus and C-terminal kinase domains. This autoregulation disruption is 
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thought to “prime” LIMK into a conformation for the following activation steps 

involving the Rho GTPase effectors such as PAK, MRCK, and ROCK, allowing 

LIMK to reach its full activity levels. Here, I describe some of the kinases reported 

to phosphorylate LIMK outside the activation loop.  

1.16.1 PKA and MK2 and AURKA phosphorylate LIMK in the S/P rich region 

3',5'-cyclic adenosine monophosphate (cAMP)-dependent protein kinase (protein 

kinase A (PKA), is a master regulator of many different processes that include lipid 

metabolism, cardiac physiology, and neuronal function 269-271. Prkar1a−/−(cells lack 

the 1A regulatory subunit) mouse embryonic fibroblasts have shown increased 

levels of cofilin pSer3  and low levels of no GTP-loaded Rac and Rho. Later, it was 

shown that PKA phosphorylates LIMK1 at Ser596 (site not conserved in LIMK2), 

in the C-terminal kinase domain and Ser323 in the Ser/Pro-rich linker 

independently of the Rho/Rac/Cdc42 dependent pathways156,272. These 

phosphorylation events are thought to modulate LIMK activity by changing the 

conformation of the protein to make it more able to phosphorylate substrate.  

Therefore, PKA is thought to be important in cell morphology and migration through 

its ability to modulate the activity of LIMK directly.  

Another example of extracatalytic phosphorylation is observed with Aurora 

kinase A (AURKA) and LIMK. Cooperativity between LIMK1 and AURKA is 

mediated by reciprocal phosphorylation. LIMK1 is recruited to centrosomes during 

early prophase, where it colocalizes with AURKA. The interaction of LIMK1 with 

AURKA induces indirect AURKA activation loop phosphorylation at Thr288, while 
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AURKA directly phosphorylates LIMK1 at Ser307. AURKA extracatalytic 

phosphorylation then causes an increase in activation loop phosphorylation at 

Thr508155, increasing cofilin phosphorylation at Ser3.  

Similarly, MAPK-activated protein kinase-2 (MK2) can phosphorylate LIMK1 

at Ser323, a site outside the catalytic domain of LIMK1, in VEGF-stimulated 

endothelial cells 157. This phosphorylation results in an increase in kinase activity 

towards cofilin independent of activation loop phosphorylation.  

Phosphorylation events mediated by the Rho GTPase signaling cascade are 

necessary for LIMK activity. However, as mentioned before, extracatalytic 

phosphorylation events mediated by PKA, MK2, and AURKA have been shown to 

increase LIMK activation. Phosphorylation in the Ser/Pro-rich region (amino acids 

261-328 in LIMK1 and 251-323 in LIMK2) is believed to induce conformational 

changes in LIMK that release the N-terminal region from autoinhibitory interaction 

with the C-terminus kinase domain. These studies suggest that phosphorylation of 

LIMK by Rho-GTPase-related kinases and other kinases outside this signaling 

cascade are necessary to achieve LIMK full activity. Therefore, autoregulation 

could involve distinct molecular steps, including binding of protein partners that 

release interaction between the N-terminus domains and the C-terminus kinase 

domain, and phosphorylation events in the Ser/Pro-rich region could help the 

further release of autoregulatory interactions. The complexity of these 

phosphorylation events results in different dynamics in the actin cytoskeleton.   
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1.17 Protein kinase autoregulation   

Above, I have discussed the domains of the LIM domain kinases, their binding 

partners, the modes of interaction accessible and observed for the domains, broad 

mechanisms of regulation for protein kinase domains, and specific interactions of 

the LIM domain kinases. In this section, I discuss how protein kinases can be 

regulated and attempt to tie these modes of regulation to what we know about 

LIMK regulation. 

Proper spatiotemporal control is essential for the normal transduction of 

cellular signals 165,167,273-277. Phosphorylation of a kinase activation loop is often 

associated with increased enzymatic activity. While activation loop 

phosphorylation is essential, it is not the only means of regulation 165,166,278. Many 

protein kinases contain multiple domains and employ inter- or intra-molecular 

interactions to alter catalytic rate 279-283. The autoregulatory mechanism has not 

been revealed in the case of LIMK. However, autoregulatory mechanisms for other 

kinases have been reported. Next, I introduce examples of kinase autoregulatory 

mechanisms and how these may explain the autoregulation mechanism of LIMK.  

1.17.1 Allosteric regulation  

Protein kinase regulation can be achieved by phosphorylation of the activation loop 

or allosteric or pseudosubstrate regulation involving intra or intermolecular 

interactions. Allosteric regulation consists of the regulation of kinase activity by 

binding a regulator to a part of the protein distinct from the active site 273-276. Often 

these binding events induce changes in the kinase domain conformation that 
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change the activity of the kinase. Examples of these regulatory interactions are 

observed in the non-receptor tyrosine kinases Abl and Src282,284-287.  

The Src family of kinases and its autoregulatory mechanism has been 

characterized and extensively studied 284,285,288. Src domain architecture includes 

an Src homology 4 domain (SH4) domain, with an attached myristic acid moiety, 

a unique domain, followed by an Src homology 3 (SH3) domain which binds PxxP 

sequences in binding partners289,  an Src homology 2 (SH2) domain that binds 

phosphorylated tyrosine residues290-292, and a C-terminal kinase domain, also 

known as an Src homology 1 (SH1) 285,293. In this family of proteins, autoregulation 

is carried between the SH2 domain, the phosphorylated C-terminal tail, the SH3 

domain, and the auto-phosphorylated SH2-kinase linker. Specifically, 

autoregulation is achieved indirectly via two ways: the SH2 domain binds to the 

phosphorylated Tyr530 at the C-terminus, “latching” the SH2 domain to the C-

terminal lobe of the kinase domain 288. Second, the SH3 domain interacts with the 

N-terminal lobe of the kinase domain and a conserved proline-containing linker 

(Pro249). This linker does not have a classical PxxP motif but forms a type II 

polyproline left-handed helix that allows for proper recognition by Src-SH3 

domains285,294-296.  These two interactions carried by the SH2 and SH3 domains in 

the “back” of the kinase lock it in an inactive state, as Glu313 in the aC is not found 

in the orientation compatible with an active conformation. Furthermore, 

hydrophobic interactions between Trp260 in the SH3 linker and Gln312 in the aC 

strengthens this autoregulatory conformation286.  
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Src kinases are activated first by the release of the phosphorylated Y530 from 

the SH2 domain by Src SH2 binding partners. The now accessible pY530 can 

interact with protein phosphatase, unlocking Src from the inactive state. This 

allows for a more accessible kinase domain that can directly be phosphorylated by 

another Src molecule, giving rise to the active conformation. Src autoregulation 

occurs in trans, as exogenous substrates decrease autophosphorylation in the 

activation loop, and SH2 and SH3 Src binding partners disrupt the inactive 

conformation 286 (Figure 1.15 A).   

A similar autoregulatory mechanism is observed in Abl tyrosine protein 

kinases. Abl domain architecture includes a highly conserved N-terminal stretch, 

followed by an SH2 and an SH3 domain. Even though Abl kinase shares quite 

similar domain architecture, it lacks the autoregulatory Tyr found in Src kinase’s C-

terminus. In contrast to Src autoregulation, mutagenesis data suggest the 

autoregulation is directed by the Abl N-terminal region 297. The model states that 

the first 81 amino acids in the N-terminal region contact the SH3 domain and the 

N-terminal kinase lobe, locking in an inactive state 298. The inactive state displays 

interactions between the SH3 and its own SH2-kinase domain linker, which also 

adopts a polyproline type II helix compatible with SH3 binding partners. This 

interaction brings into proximity the N-terminal lobe of the kinase domain.  

Moreover, unlike the Src SH2 domain, Abl SH2 cannot interact with a C-

terminal phosphotyrosine residue. Abl’s SH2 domain interacts with the C-terminal 

lobe of the kinase domain via an extensive network of hydrogen bonds that bends 
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the αI helix of the kinase domain, partially blocking the access of substrates to the 

active site 299. The interaction is kept in place by the N-terminal myristate moiety 

that binds to the C-terminal lobe of the kinase domain. This model is further 

supported by the case of the BRC-ABL fusion gene resulting from the translocation 

of the ABL1 gene and the BRC gene, where the expression of an Abl kinase 

domain lacking the N-terminus domains shows constitutive activation 300.  

Abl activation involves a change in binding between the SH2 domain and the 

kinase domain. Interestingly, the SH2 changes its interaction with the kinase 

domain, binding to the N-terminus lobe instead of the C-lobe, allosterically 

activating the kinase domain. SH2 change from an inhibiting agent to an activating 

agent is triggered by activation loop phosphorylation and kinase domain activation 

(Figure 1.15 B)299,301.    

1.17.2 Pseudosubstrate regulation  

Intrasteric or pseudosubstrate regulation is often described as autoregulatory 

interactions where internal sequences within the protein kinase act as 

“pseudosubstrates,” interacting directly in the active site 302. Intrasteric regulatory 

interaction sequences (IRAseq) resemble the substrate’s sequence or ligand and 

are responsible for the inhibition of the activity of the protein kinase. An example 

of this regulatory mechanism can be found in p21-activated kinase (PAK). 

Specifically, PAK4 kinases are regulated by an autoinhibitory pseudosubstrate 

sequence in its N-teminus 279. This proline-rich sequence acts as a 

pseudosubstrate, rendering PAK4 inactive. Dissociation of this interaction is 
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hypothesized to be driven by the binding partner proteins in this proline-rich 

sequence 279. This dissociation allows PAK4 to auto-phosphorylate itself and later 

phosphorylate its substrates (Figure 1.16).  

1.17.3 Activation by accessory domains  

Protein kinases have a pliable fold, and regulation by association with different 

domains or separate subunits has been observed. Cyclin-dependent kinases 

(CDK) are examples of protein kinases relying on the association of a separate 

subunit, cyclin, for activity 303. Cyclins are a group of proteins that control the 

progression of the cell cycle through its association and activation of CDKs. For 

example, in CDK2, a member of the CDK family of proteins, the cyclin subunit 

associates within the region of the C-helix and promotes a rotation that allows 

specific interactions with cyclin that relieve the blockade of the catalytic cleft. This 

movement now allows the activation loop Thr to become accessible for 

phosphorylation, completing the activation process for CDK2 304 (Figure 1.17).  

1.17.4 Dimerization as a mechanism of kinase regulation 

Within the Ser/Thr kinase family, dimerization-dependent phosphorylation in the 

activation segment in trans promotes kinase activation 162. A specific example of 

dimerization-dependent activation occurs with checkpoint kinase 2 (Chk2)305. 

Human Chk2 consists of an N-terminal Ser-Gln/Thr-Gln (SQ/TQ) cluster domain 

(SCD), a central forkhead-associated (FHA) domain, and a C-terminal 

serine/threonine kinase domain 305. Phosphorylation at a  Thr residue in the SCD 

domain changes the conformation of the kinase, which now allows for dimerization 
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between the SCD domain of one molecule and the FHA domain of another. 

Dimerization of Chk2 allows for autophosphorylation in various sites, including the 

activation loop phosphorylation residue, allowing Chk2 to reach its full active 

conformation 306 (Figure 1.18).  

The autoregulatory mechanisms described before are a limited list of 

examples of autoregulatory mechanisms. However, these models might help guide 

our understanding of LIMK autoregulation. Which autoregulation mechanism is 

present in LIMK remains unknown.  

1.18 LIMK is autoregulated via its N-terminal domains.  

Much research has been done to characterize one tier of LIMK regulation, 

phosphorylation in its activation loop by upstream activators. However, this is not 

the sole mechanism of LIMK regulation. LIMK regulation is believed to occur in two 

ways: 1) phosphorylation of the activation loop, and 2) autoregulatory interactions 

involving the N-terminal domains54. Upstream kinases phosphorylate the LIMK 

activation loop on residues Thr508 or Thr505 for LIMK1 or LIMK2, respectively, 

179-181, but the LIMK autoregulatory mechanism remains unknown. Studies have 

pointed to the N-terminus domain of LIMK to be crucial for LIMK autoregulation. 

This was first shown in co-immunoprecipitation experiments using constructs for 

LIMK1 and LIMK2, where both proteins co-immunoprecipitated, pointing to 

possible self-association events 53. This was further recapitulated with co-

immunoprecipitation experiments with constructs that have N-terminal deletions 53. 

Self-association was reiterated, involving heterotypic interactions between the N-
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terminal half of the protein and the kinase domain. These experiments, using 

immunoprecipitated protein, were the first to point to an autoregulatory mechanism 

for the LIMK family of proteins.  

Furthermore, adding the N-terminal domain to kinase assays using cofilin 

as substrates decreases kinase activity 54. Limited proteolysis of 

immunoprecipitated LIMK1 using trypsin and lysyl endopeptidase produced two 

distinct fragments corresponding to the catalytic domain. Radiolabel kinase assays 

using these fragments showed, on average, a 5-fold increase in kinase activity. 

Furthermore, radiolabel kinase assays with immunoprecipitated N-terminal 

fragments that carry mutations in the LIM domains and PDZ domain recapitulate 

an increase in kinase activity 54.  

In cells, mutations that perturb the hydrophobic core of the PDZ domain 

induce actin filament accumulation 307. The same has been observed with 

mutations in the LIM2 domain, specifically in conserved cysteine residues involved 

in Zn2+ coordination. Actin filament accumulation is also observed in cells 

expressing only the LIMK1 kinase domain, further supporting the hypothesis that 

the N-terminus of LIMK inhibits kinase activity. Moreover, it has been reported that 

binding different protein partners to the N-terminus of LIMK results in changes in 

kinase activity (i.e., BMPR-II262,263, LRAP25a234, p57kip2 268), further supporting the 

claim that LIMK is autoregulated by its N-terminal domains. However, the specific 

mode of this autoregulation remains to be discovered.  
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Two modes of autoregulatory mechanisms have been hypothesized, one 

where an intramolecular interaction occurs or two molecules of LIMK come 

together to regulate intermolecular activity 53,54. Work by the Mizuno laboratory 

suggests that the LIM2 domain is important for autoregulation. Experimental data 

portrayed in this thesis supports an intramolecular model and provides evidence 

for the regulation of LIMK activity by its PDZ domain.   

An intramolecular working model for describing this autoregulation is as 

follows. LIMK is believed to behave in a transient “open” conformation where the 

kinase domain is accessible for regulatory interactions either by activating kinases 

or deactivators such as SSH1 phosphatase and a closed “closed” conformation, 

mainly driven by autoregulatory interactions between the N-terminal domains and 

the C-terminal kinase domain. When the equilibrium is primarily in the “closed” 

conformation, phosphorylation in extracatalytic sites, accomplished by PKA, 

MAK2, and AURKA, in the S/P rich region, can shift this equilibrium by changing 

the conformation of LIMK kinase towards an “open” or extended conformation. This 

conformation change allows kinase activators to better access the activation loop. 

The appropriateness of this model is addressed through the work presented in this 

thesis.  Another regulatory event could include binding protein partners to the N-

terminus domains, stimulating the dissociation of the N-terminus domains from the 

kinase domain. Moreover, another autoregulation mechanism could consist of 

phosphorylation at sites outside the activation loop in the kinase domain that 

destabilize interactions between the N-terminus domains and the kinase domain.  
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1.19 Overview 

The main goal of my thesis has been to address the central hypothesis that the N-

terminus of LIMK1 negatively regulates its activity by a direct “head-to-tail” 

interaction. I report here the use of biochemical and biophysical techniques to 

determine which domains of the N-terminus of LIMK are responsible for 

autoregulation. Also, I present molecular-level information on the N-terminal PDZ 

domain. This work can be divided into two main aims: 1) structural studies of the 

N-terminal domains of LIMK and 2) identification of the specific N-terminal domains 

that interact and regulate the kinase activity of LIMK.  

1.19.1 The N-terminal PDZ domain regulates the activity of LIMK 

The N-terminus of LIMK regulates kinase activity towards cofilin. However, there 

are no published structures of the N-terminal domains, LIM and PDZ, responsible 

for autoregulation. Biochemical evidence supports that the complete elimination of 

the N-terminus or mutations in this region increases the kinase activity of LIMK.  

Yet, specific identification of the domains and binding regions responsible for 

interacting with the kinase domain remains to be solved. Chapter 2 of this 

dissertation will present biophysical and structural studies of the LIM2 and PDZ 

domains. Expression, purification, and crystallization of the PDZ to a 2.04Å 

resolution will be shown, as well as conservation mapping to the solved structure. 

Additionally, mutagenesis studies of this domain in highly conserved 

surfaces and expression and purification of FL LIMK1 PDZ mutants are used to 

validate the impact of PDZ mutations on kinase activity. These studies allow me to 
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map a possible regulatory surface of the PDZ domain. Also, I use SAXS-MALS to 

gain an overall fold representation of the LIM2-PDZ region.  

1.19.2 Interaction between LIM2-PDZ region and the PDZ domain inhibits 

LIMK activity  

In Chapter 3 of this dissertation, I specifically look at the LIM2-PDZ region to study 

its impact on the kinase activity of LIMK2. I express and purify the LIM2-PDZ 

domains and express and purify FL and kinase domain constructs of LIMK from 

insect cells. I use radiolabel kinase assays to show that this region optimally 

inhibits kinase activity. I also use negative stain to observe overall conformational 

changes between LIMK2 full-length wild-type protein and a catalytically inactive 

LIMK2 D451N mutant. I observe distinct conformations between the LIMK2 full-

length wild-type and D451N mutant.  

 1.20 Summation and impact 

In summary, my work in this dissertation provides a deep structural and 

biochemical understanding of how LIMK N-terminus autoregulates LIMK and how 

this autoregulation affects kinase activity. Specifically, I provide the first crystal 

structure of the LIMK2 PDZ domain and use its conservation to help me 

hypothesize regions of autoregulation. I also recapitulate the human LIMK-cofilin 

pathway in yeast and use it to observe changes in kinase activity when I introduce 

mutations in the PDZ domain, as changes in kinase activity affect yeast survival. I 

further validate the importance of the PDZ domain in autoregulation by using cofilin 

radiolabeled kinase using PDZ mutants in the context of FL LIMK1 protein. 
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Furthermore, I test the titration of N-terminus constructs into cofilin radiolabeled 

kinase assays to find the minimum region in the N-terminus that optimally 

suppresses kinase activity.  I use biophysical techniques such as SAXS and 

negative stain EM to study the overall conformation of the N-terminus LIM2-PDZ 

construct and full-length LIMK. The data presented here will answer questions 

relating to the importance of the N-terminus domains of LIMK, specifically the LIM2 

and the PDZ, and how these impact LIMK autoregulation and activity towards 

cofilin.    
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1.21 Figures and tables   

 

Figure 1.1 LIMK signaling pathway 

LIMKacts downstream of Rho GTPase signaling pathways (Rac, Rho, and Cdc42). 

PAK, MRCK, and ROCK kinases activate LIMK1 and LIMK2 by phosphorylation at 

Thr508/Thr505, respectively. Active LIMK phosphorylates almost exclusively 
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members of the actin depolymerization family of proteins (ADF), also known as 

cofilin.  
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Figure 1.2. LIM domain kinase family of proteins domain architecture. 

 LIM domain kinase family architecture shows human LIMK1 (UniProt ID: P53667), 

human LIMK2 (UniProt ID: P53671), TESK1 (UniProt ID: Q15569), and TESK2 

(UniProt ID: Q96S53). LIM1: first LIM domain, LIM2: second LIM domain, PDZ: 

PDZ domain,  Kinase: kinase domain. Activation loop phosphorylation residues 

are indicated, T508/T505 for LIMK1 and LIMK2, and S220/S219 for TESK1 and 

TESK2, respectively.  
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Figure 1.3. LIM domain groups. 

LIM domain groups 1, 2, 3, and 4 and representative LIM protein members. 

Localization and general cellular function are also shown. Figure adapted from 308 
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Figure 1.4. LIM domain structure and modes of binding.  

A. LIM1 domain of PINCH2. Depicted on the left is the zinc knuckle side of LIM 

domains, and on the right is the LIM domains' b (beta) zipper side. B. Complex 

structure of PINCH2 LIM1 and ARD (ankyrin repeat domain) of ILK (integrin-linked 

kinase) This complex portrays the LIM domain binding using its zinc knuckle side 

(PDB: 3IXE). C. Complex of LMO4 (nuclear LIM-only) LIM domains 1 and 2 with 

the Ldb1 (LIM domain-binding protein-1) LID domain(LIM domain binding region). 
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This complex portrays the LIM domain of LMO4 binding Ldb1 using its beta zipper 

side (PDB:1RUT). Zinc atoms are shown as grey spheres. 
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Figure 1.5. LIM domain functions.  

A. LIM domains can act as adaptors. B. LIM domains can act as competitors. C. 

LIM domains can translocate proteins from one cell compartment to another. D. 

LIM domains can also serve as inhibitors and regulate the activity of proteins. 
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Figure 1.6. General schematic of a PDZ domain fold bound to a C-terminal 
peptide 

Shown are the secondary structural elements. Arrows point to important residues 

at the aB1 helix—figure adapted from 67. 
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Figure 1.7. PDZ domain crystal structure in its apo and peptide-bound forms. 

GRIP1 PDZ6, a member of the Class II PDZ domain class (PDB: 1N7E). 

Secondary structure elements are shown. B. GRIP1 PDZ6 domain in complex with 

lipirin C-terminal peptide (PDB: 1N7F) (Uniprot: Q12959). Secondary structure 

elements are shown on the left,  and surface representation of the PDZ binding 

cleft is on the right. 
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Table 1.1. PDZ domain classes. 

PDZ domain classes, C-terminal binding motif they recognize, and identity at the 

bottom residue on the aB1.  

 

 

 

 

 

 

 

 

PDZ class 
Class I
Class II
Class III

C-terminal binding motif 
X-T/S-X-ϕ-COOH
ϕ -X- ϕ – COOH
D/E-X-Φ-COOH

αB1 Residue
His

Hydrophobic residues 
Tyr
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Figure 1.8. PDZ domain noncanonical interactions.  

A. Homotypic PDZ interactions of GRIP protein PDZ5 and PDZ6 with GluR2 PDZ 

protein binding motif (PDB: 1P1D). B. Heterotypic PDZ Interaction between the N-

terminal, extension, and PDZ domain of Harmonin with the SAM domain PDZ PBM 

of the SAM protein (PDB: 3K1R). Figure adapted from 67 
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Figure 1.9. Noncanonical protein binding motif binding to PDZ domains.  

A. Cartoon representation showing the Par-6 PDZ domain in complex with a 

Pals1 internal peptide (PDB code 1X8S). B. Cartoon representation showing  

Par-3 PDZ2 in complex with the PTEN peptide (PDB code 2K20). Figure adapted 

from 67 
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Figure 1.10. PDZ non-canonical target recognition and PDZ regulation 
mechanisms. 

A. Allosteric conformational regulation is represented by the interaction in the 

Cdc42–Par-6 PDZ complex (PDB:1NF3). B. PDZ non-canonical target recognition 

mediated by domain swap dimerization of ZO-1 PDZ2 and binding pf Cx43 peptide 

(PDB: 3CYY). Figure adapted from 67 
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Figure 1.11. Regulation of PDZ-mediated interactions. 

A. Regulation of PDZ interactions by phosphorylation. PKC phosphorylation of 

GluR2 differentially regulates its binding to GRIP1 PDZ45 and PICK1 PDZ. Lys83 

at the αB1 position of PICK1 PDZ is highlighted (PDB: 2PKU). B. Autoinhibition 

and phosphorylation-dependent regulation. Schematic diagram showing the 

phosphorylation-mediated switch of the inhibition of the two X11a PDZ1 and PDZ1 

domains by the C-terminal PBM (PDB:1U3B).  Figure adapted from 67. 
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Figure 1.12. Conservation of the LIMK Ser/Pro domain.  

Sequences were obtained from UniProt309 and aligned in ClustalOmega310. 

Species and UniProt ID name each sequence. Conservation scores were 

calculated in Jalview311. Identical residues are highlighted in dark blue, and 

partially conserved residues are in light blue. Mutations used in kinase assays are 

shown under an arrow, and their LIMK1/LIMK2 residue numbers are shown.  
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Figure 1.13. Ribbon representation PKA kinase domain bound to inhibitory 
peptide. 

A. Ribbon representation of PKA kinase domain (PDB:1ATP). N-lobe and C-lobe 

are shown, the ATP molecule is pointed with an arrow, and the catalytic cleft is 

portrayed with a dashed grey oval. B. Panel focuses on the ATP engagement in 

the active site. Hydrogen bonds are also shown.  C. Panel focus on the 

phosphorylated activation loop residues pThr195; hydrogen bonds involved in 

stabilizing the active conformation are also shown. 



104 

 

 

Figure 1.14. LIMK and cofilin complex. 

LIMK1 D460N mutant (green) interaction with cofilin(purple) (PDB: 5HJV)  is 

guided by monogamous interactions between αG in LIMK catalytic domain’s C-

lobe and the α5 in cofilin. The catalytic domain in LIMK shows interactions with 

AMP-PNP and phosphorylated Thr508. Cofilin shows N-terminus interaction with 

the catalytic cleft of LIMK, and pSer3 is also shown. 
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Figure 1.15. Src and Abl autoregulation mechanisms. 

A. Autoregulation mechanism employed by Src kinase.  On the top left is depicted 

the inactive conformation of Src, and on the top right is the active conformation. B. 

Autoregulation mechanism of Abl kinase. The inactive conformation of Src is 

shown on the bottom left, and on the bottom right is the active conformation. Both 

kinases share the same domain architecture: SH3 (Src Homology 3), SH2 (Src 
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Homology 2), and CAT (kinase domain), purple zip zag represents N-terminal 

myristoyl modification. Activation loop phosphorylation residue is also shown—

figure adapted from 312.  
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Figure 1.16. Kinase regulation by pseudosubstrate regulation. 

Autoregulation mechanism employed by PAK4 kinase.  Binding of GTPase to the 

GBD and subsequent SH3 binding of the pseudosubstrate region allows PAK4 to 

reach full activity. SH3 (Src Homology 3), GBD (GTPase binding domain), and 

CAT (kinase domain). Activation loop phosphorylation residue is also shown. 

Figure adapted from 279. 
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 Figure 1.17. Kinase activation by accessory domains 

Activation mechanisms employed by Cdk2 kinase.  Cyclin binding to the kinase 

domain of Cdk2 relieves the blockade of the catalytic cleft. This movement now 

allows the activation loop Thr to become accessible for phosphorylation by CKA 

(CDK activating protein), completing the activation process for CDK2. CAT (kinase 

domain), cyclin, and activation loop phosphorylation residue are also shown.  
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Figure 1.18. Kinase activation by phosphorylation outside the activation 
loop. 

Chk2, upon DNA damage, goes through its activation mechanism. ATM kinase 

phosphorylates Chk2 at Thr68 at the SCD domain. Interaction of pThr68 of one 

molecule of Chk2 and the FHA domain of another drive the dimerization of Chk2. 

After dimerization, phosphorylation of the activation loop is possible via trans-

autophosphorylation of two Thr residues in the activation segment. Dissociation of 

the dimer leaves a fully active cHK2. SQ/TQ cluster domain (SCD), CAT (kinase 

domain), and forkhead-associated (FHA) domain are shown along with the 

activation loop, and SCD phosphorylation residues are also shown.  
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Chapter 2: Autoregulation of LIM domain kinases by their PDZ domain  

A portion of this research is under review as “Autoregulation of the LIM kinases by 

their PDZ domain” by Casanova-Sepúlveda, G., Sexton J., Turk B.E.,  Boggon, 

T.J.  

2.1 Introduction  

2.1.1 N-terminal PDZ domain is hypothesized to inhibit LIMK kinase activity 

In humans, there are two LIMK genes, LIMK1 and LIMK2. Their protein products, 

LIMK1 and LIMK2, are sequence (54% identical) and architecturally similar, with 

two N-terminal tandem-zinc finger LIM domains followed by a PDZ domain, a 

predicted unstructured region enriched in serine, proline, and glycine residues, and 

a C-terminal kinase domain (Figure 1.2A). They are highly conserved over 

evolution and are found across eukaryotes, mammals, fish, and insects. As 

mentioned above, and like many other kinases, activation of these conserved 

multi-domain enzymes is associated with phosphorylation of the kinase activation 

loop, at residues Thr508 in LIMK1 and Thr505 in LIMK2 179,181,241,307. LIMK 

activation loop phosphorylation is usually considered incompatible with its 

autoinhibited state, but the molecular basis for autoinhibition of the LIMKs remains 

unknown. As stated in Chapter 1, section 1.15, LIMK is suppressed by interactions 

with N-terminal domains 53,54,307. Still, the molecular basis for this suppression of 

activity remains unclear. 
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2.1.2 LIMK contains an unusual PDZ domain  

A closer analysis of the N-terminal region of the LIMKs has revealed the PDZ 

domain to be an unusual example of the PDZ fold 68-72,73,74. As stated in Chapter 

1, section 1.6, these non-catalytic domains are thought to mediate protein-protein 

interactions, most commonly by specific recognition of linear peptide motifs from 

protein binding partner carboxy-terminal tails 92,95,106,111,313,314.  However, this is not 

the case for the LIMK PDZ domain, which has not been found to interact with 

carboxy-terminal peptides with biological affinity values 75, 315. The PDZ fold can 

also mediate protein interactions by using alternate binding modes, including by 

interactions of the canonical binding site with internal peptide motifs (i.e., non-

terminal peptides) of partner proteins or by use of alternative binding surfaces as 

described extensively in Chapter 1, sections 1.6.8-1.6.10 46,78,127-131. LIMK PDZ 

domain might similarly use alternative binding surfaces for intermolecular protein-

protein interactions; however, interactions with potential binding partners remain 

poorly understood 17,101,252,316,317. However, the PDZ domain has yet to be 

extensively studied as a possible direct modulator of LIMK autoregulation. Despite 

the early studies, it remains unknown whether surfaces on the LIMK PDZ domain 

regulate LIMK catalytic activity or if it functions on catalytic activity by some other 

mechanism. 

2.1.3 Significance and Project Aims 

Biochemical studies of this domain point to an unusual example of a PDZ domain. 

However, studies have attributed autoregulatory effects to deletion or mutagenesis 
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of this domain. Therefore, I decided to study how the PDZ domain regulates the 

activity of the kinase domain of LIMK1 toward cofilin. To better study the LIMK2 

PDZ domain fold, I obtained the crystal structure of human LIMK2 PDZ domain.  I 

determined the 2.0 Å crystal structure of the LIMK2 PDZ domain and found a 

canonical PDZ fold with an unusually shallow peptide binding cleft and unique 

structural features. Upon mapping sequence conservation, I also found a highly 

conserved surface distal to the canonical peptide binding cleft, suggesting an 

unusual non-canonical role for LIMK PDZ. I next conducted targeted mutagenesis 

of the conserved surface and found suppression of proliferation in a yeast growth 

assay indicative of increased kinase activity. Likewise, in kinase activity assays, I 

found that mutations of the conserved surface of the LIMK1 PDZ domain result in 

increased catalytic activity, but that mutation of the canonical binding site does not. 

I conclude that the LIMKs contain an unusual PDZ domain that directly affects the 

autoinhibition of kinase activity via a previously unidentified conserved surface 

found. These findings shed new light on the regulation mechanism for both LIM 

domain kinases, LIMK1 and LIMK2.  Taken together, this study suggests that this 

domain may allosterically inhibit kinase activity.  

2.2 Methods  

2.2.1 Protein Expression and Purification 

The sequence encoding full-length human LIMK2 protein (UniProt ID: P53667) 

PDZ domain (131-25) was inserted using restriction enzymes BamHI and EcoRI 

into a modified E. coli expression vector pET28a containing an N-terminal FLAG 
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tag followed by a (His6) tag and a recognition sequence for tobacco etch virus 

(TEV) protease. A C173S point mutation was introduced using QuikChange 

Lightning site-directed mutagenesis kit (Agilent) to inhibit the disulfide bond 

formation and improve stability for crystallization experiments. Solubility testing of 

PDZ domain mutants was conducted on a C173S mutant background.  

His-tagged LIMK2 PDZ was expressed in BL21(DE3) cells (Millipore Sigma) by 

induction with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) overnight at 16 

°C. Cells were harvested by centrifugation at 2,000×g and lysed by suspension in 

nickel binding buffer (50 mM HEPES pH 7.5, 500 mM NaCl) including of 0.1 M 

phenylmethylsulfonyl fluoride (PMSF), Roche complete EDTA-Free protease 

inhibitor tablet) and lysozyme, followed by freeze/thaw cycles and sonication. 

Lysates were clarified by centrifugation at 5000×g for 1 hour.  Supernatant was 

applied to nickel beads for affinity purification (Ni Sepharose 6 Fast Flow, GE 

Healthcare). Following elution of bound proteins by increasing concentrations of 

imidazole in nickel-binding buffer, the His-tag was removed from PDZ by 

incubation with TEV protease overnight during dialysis against buffer containing 

50 mM HEPES pH 7.5, 500 mM NaCl. The cleavage reaction was then flowed over 

a nickel affinity column (HisTrap Fast Flow, GE Healthcare) to remove the liberated 

His6 tag, uncleaved His6-tagged protein, and the His6x-tagged TEV protease. The 

flow-through containing untagged PDZ protein was concentrated in a centrifugal 

filter (Amicon Ultra, Millipore Sigma), diluted to a salt concentration of 37 mM NaCl, 

and applied to a 5 ml anion exchange column (Mono Q GE Healthcare) 
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equilibrated in 20 mM Tris pH 7.5 buffer. Protein was eluted with a continuous 

gradient of NaCl, ranging from 0% to 40% 1 M NaCl, and 20 mM Tris pH 8, with 

the protein eluting at 12% 1 M NaCl. The eluted peak was concentrated and then 

purified by size exclusion chromatography on a Superdex 75 10/300 GL. 

PDZC173S eluted as a monodisperse peak. 

2.2.2 Crystallization, data collection, and structure determination of LIMK2 

PDZ domain. 

Initial small cube-like clusters of PDZ crystals were obtained by sparse matrix 

screening using a TTP Labtech Mosquito by vapor diffusion in sitting drops at 4°C 

with a 2:1 (v/v) ratio of purified protein to reservoir solution containing 0.1 M 

HEPES pH 7.5, 10% 2-propanol and 20% PEG 4000. Optimization of crystals was 

carried by using sitting drop methodology. Crystals were harvested from the drop, 

quickly incubated in 15% glycerol as a cryoprotectant, and flash-cooled in liquid 

nitrogen. Four sets of diffraction data were collected from a single crystal at 

Northeastern Collaborative Access Team (NE-CAT) Beamline 24-ID-E at Argonne 

National Laboratory Advanced Photon Source, processed using XDS 318, and 

scaled using SCALA 319. The data were processed in space group P21, with unit 

cell dimensions a = 80.94 Å, b = 83.03, c = 83.08 Å, α = 90°, β = 96.56°, γ = 90°. 

Matthew’s probability calculation indicated 8 copies of the PDZ domain in the 

asymmetric unit. Phaser 320 confirmed the prediction using the predicted AlphaFold 

structure of LIMK2 PDZ as model (residues 131-250, LIMK2-AF-P53671-F1-

model_v2.pdb). Model building was performed in Phenix Autobuild321, and manual 
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autobuilding was performed in Coot 322. Refinement was carried out in Phenix 

refine323.  

2.2.3 Conservation Analysis  

LIMK1 and LIMK2  sequences were identified using NCBI BLAST 324. A total of 

421 sequences were aligned using the ClustalO310 server and visualized using 

JalView 311. PDZ sequences from other proteins were identified using NCBI BLAST 

324. For PDZ containing human proteins, a total of 967 sequences were filtered. 

Sequences were aligned using the ClustalO310 server and visualized using JalView 

311.  

2.2.4 Yeast Growth Assays  

The high copy vector for constitutive expression of N-terminally His6-tagged human 

cofilin-1 in yeast (pRS423-GPD-cofilin-1) and the galactose-inducible expression 

vector for N-terminally FLAG epitope-tagged LIMK1 catalytic kinase domain 

(pRS415-GAL-LIMK1-CAT) was cloned into the BamHI and XhoI sites of pRS415-

GAL were previously described 186. All point mutants were prepared using 

QuikChange Lightning site-directed mutagenesis kit (Agilent) and verified by 

sequencing through the entire open reading frame. Yeast expressing human 

cofilin-1 was generated by plasmid shuffle starting with a cof1Δ strain supported 

by expression of yeast Cof1 from a CEN URA3 plasmid (MHY8282, obtained from 

Mark Hochstrasser’s laboratory 325). This strain was transformed with pRS423-

GPD-cofilin-1 (WT or S3A mutant), and then the yeast Cof1 plasmid was evicted 

by selection on solid media containing 5-FOA. This strain was then transformed 
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with the indicated LIMK1 expressing plasmids or the corresponding empty vectors. 

To assess the impact of LIMK1 expression on cell growth, yeast were grown 

overnight at 30 °C in synthetic complete media lacking histidine and leucine (SC-

His-Leu) containing 2% glucose. The following day, cultures were diluted into SC-

His-Leu containing 2% raffinose and grown overnight to mid-log phase. Serial 5-

fold dilutions (starting OD = 0.2) were then spotted onto SC-His-Leu agar plates 

containing either 2% glucose or 2% raffinose/1% galactose, and plates were 

incubated at 30 ºC until colonies were visible at the highest dilution of the empty 

vector strain. Point mutations in pRS415-GAL-FLAG-LIMK1 were introduced by 

substituting residues Leu165, Asp221, Arg222, Glu225, and Gln251 with alanine 

and Lys175 with aspartate using QuickChange Lightning site-directed 

mutagenesis kit (Agilent). Primers used for mutagenesis are listed in Table 2.2. 

2.2.5 Immunoblotting 

Yeast cultures (500 ml) were grown to an OD600 of 1-2 in 2% raffinose at 30 °C, 

and then 1% galactose was added to induce LIMK1 expression. After 4 h, cells 

were harvested and lysed using a TCA extraction protocol adapted from 326 with 

the following modifications. Yeast cells were resuspended in a lysis buffer 

containing 10% TCA, 25 mM NH4OAc, 10 mM Tris HCl, pH 8.0, and 1 mM DTT. 

Glass beads were added to the resuspended lysate and vortexed for 5 min at 4 

°C. Lysed cells were centrifuged at 16900 x g in a 4 °C centrifuge for 10 min.  

Pellets were resuspended in 0.1M Tris pH 11 and 3% SDS. Pellets containing 

precipitated proteins were diluted 1:10 and then used for BCA assays. BCA assays 
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were used to normalize the amount of protein added. Equal amounts of lysate with 

4X SDS-PAGE loading buffer (7 µg per lane) were fractionated by SDS-PAGE and 

transferred to polyvinyl difluoride (PVDF) (Sigma, IPFL85R) membrane. 

Membranes were blocked in Tris buffer saline (TBS) with 5% non-fat milk for 1 h 

and probed overnight at 4 °C with the indicated primary antibodies: mouse anti-

FLAG antibody (Sigma, #F3165,1:5,000 dilution). Membranes were incubated for 

30 min in fluorescently labeled secondary antibodies IRDye® 800CW goat anti-

mouse IgG secondary Antibody (Licor, #D10603-05)  and goat anti-rabbit IgG 

(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 680 (Invitrogen, 

#A21109 ) in 1:10,000 dilution in TBS with 5% bovine serum albumin (BSA) and 

0.1% Tween20. Membranes were scanned using a Li-Cor Odyssey Imaging 

system. 3.3 µg of FLAG-LIMK1 preparations purified from yeast were analyzed 

similarly for the assessment of activation loop phosphorylation. The following 

primary antibodies were used: mouse anti-FLAG antibody (Sigma, #F3165,1:5,000 

dilution), rabbit anti-KSS1 (Santa Cruz Biotechnology, # sc-6775-R, 1:5,000 

dilution), penta-His (Qiagen, # 34650, 1:5000), and p-Cofilin (Serine3) (Cell 

Signaling, #3311S, 1;1000), phospho-LIMK1/LIMK2 antibody (Thr508/Thr505) 

(Cell Signaling, #3841S 1;1000).  

2.2.6 Yeast Protein Expression   

The cof1Δ yeast strains co-transformed with pRS423 GPD-S3A His6-hCofilin and 

FLAG-LIMK1 expression constructs were grown from an individual colony 

overnight at 30 °C in 5 mL of SC-His-Leu with 2% raffinose. The next day, the 
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culture was diluted into 500 ml SC-His-Leu with 2% raffinose to an OD600 of 0.1 

and grown to an OD600 of ~2. Next, 225 ml of 3.5x yeast extract, peptone solution 

(YP), and 80.5 mL of 10% galactose were added to the flask to induce expression 

of LIMK1 for 8 h. Yeast were centrifuged at 2600 × g for 30min at 4°C. Cells were 

resuspended in 10 ml of sterile water, repelleted, snap-frozen in liquid nitrogen, 

and stored at -80°C. 

FLAG- LIMK pellets were thawed on ice and resuspended in 5 ml of FLAG lysis 

buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 

10% glycerol, 0.5 mM DTT, 1 mM PMSF, 2 µg/mL pepstatin A, 2.5 mM NaPPi, 1 

mM βGP, 1mM Na3VO4, and Roche complete EDTA-Free protease inhibitor 

tablet). Pellets were distributed into 10 microtubes with 150 µl of glass beads. Lysis 

was achieved by cell disruption caused by shaking the lysates with the beads using 

vortexing. Lysates were transferred to fresh tubes and centrifuged at 800 x g for 

10 min at 4 °C. Thermo Scientific Pierce anti-DYKDDDDK M2 resin (300 µL) 

equilibrated in lysis buffer was added to the supernatant and incubated with 

rotation for 2 h at 4 °C. The resin was pelleted (197 x g, 2 min, 4 °C), resuspended 

in 1 ml lysis buffer, and washed twice with wash buffer (50 mM HEPES, pH 7.4, 

100 mM NaCl, 1 mM DTT, 1 mM βGP, 100 µM Na3VO4, 0.01% NP-40, 10% 

glycerol). FLAG elution buffer (400 μl of  50 mM HEPES, pH 7.4, 100 mM NaCl, 1 

mM DTT, 1 mM βGP, 100 µM Na3VO4, 0.01% NP-40, 10% glycerol and 0.5 mg/ml 

of FLAG peptide) was added, and the resin was incubated at 4 °C while rotating 

for 2 h. Resin was then centrifuged at 197x g for 2 min, and eluted protein was 
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collected, aliquoted, snap-frozen in liquid nitrogen, and stored at -80 °C. Purity and 

protein concentration were estimated against a BSA standard curve on SDS-

PAGE (15% acrylamide) with Coomassie staining. 

2.2.7 Mutagenesis and solubility test of His tagged LIMK2 PDZ mutants  

Primers used are indicated in Table 2.2. All mutants were expressed in BL21 cells. 

Overnight cultures were inoculated into 1 L ml of Luria broth, and protein 

expression was induced with isopropyl 1-thio-β-d-galactopyranoside 

when OD600 = 0.6. Cells were grown overnight at 18 °C, harvested, and 

resuspended in 10 ml of 500 mM NaCl and 20 mm Tris, pH 8.0, supplemented with 

DTT, protease inhibitors, lysozyme, and DNase I. Resuspended cells were lysed 

by three freeze/thaw cycles in a dry ice/ethanol bath followed by sonication. 

Lysates (100 μl) were centrifuged at 20400 x g for 10 min. The supernatants were 

separated from the pellets.  Pellets were resuspended in 100 μl of 6 M urea and 

diluted two-fold in lysis buffer. Samples were run on a 15% acrylamide SDS-PAGE 

and visualized by Coomassie staining. 

2.7.8 Radiolabel kinase assays 

Human cofilin was purified as previously described in 186. Kinase reactions (25 μl) 

contained 5 nM purified LIMK1 and 6.7 μM cofilin in 50 mM HEPES, pH 7.5, 100 

mM NaCl, 5 mM MgCl2, 5 mM MnCl2, 20 μM ATP, 1 mM DTT, 0.1 μCi/ml 32P-ATP. 

Reactions were incubated 10 min at 30 °C, quenched by adding 1x SDS-loading 

buffer and resolved by SDS-PAGE on a 15% polyacrylamide gel. Dried gels were 

exposed to a phosphor screen, and the level of phosphorylated cofilin was 
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evaluated on a Bio-Rad Molecular Imager Fx system using Quantity One 1D 

Analysis software (Life Sciences Research). Data from 5 separate experiments 

were normalized to Flag-FL LIMK1 signal, and statistical analysis was carried out 

using a non-parametric unpaired Mann-Whitney test in GraphPad Prism.  

2.3 Results  

2.3.1 LIMK contains a divergent ‘G-L-G-F’ or ‘χ-Φ-G-Φ’ motif 

To explore the role of the LIMK PDZ domain, I began by assessing the sequence 

of this domain between the LIMKs, across the LIMKs over evolution, and by 

comparison to other PDZ domains. I find that there is high conservation of the LIMK 

PDZ domain between human LIMK1 (residues 159-258) and human LIMK2 

(residues 147-239), which are 47 % identical and 81% similar. This high 

conservation is maintained over evolution, and I find that LIMK PDZ domain 

sequence for human LIMK1 is 36% identical to that of drosophila LIMK1 and 56% 

identical to other insects. There is lower sequence similarity to canonical PDZ 

domains (21% identical to PSD95). Interestingly, I find that one of the defining 

features of canonical PDZ domains, a motif termed the ‘G-L-G-F’ or ‘χ-Φ-G-Φ’ 

motif 72,86,87, is divergent in the LIMKs over evolution and between LIMK1 and 

LIMK2 (Figure 2.2 B, Figure 2.3). For canonical PDZ domains, recognition of 

terminal carboxylate groups is ‘conferred by a cradle of main chain amides’ 

contributed by the ‘χ-Φ-G-Φ’ motif, where χ is any residue, and Φ is any 

hydrophobic residue 86. Unusually, the LIMKs do not follow this consensus 

sequence. Instead, they harbor KRGL and RRGL sequences in LIMK1 and LIMK2, 
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respectively, replacing the first hydrophobic residue with a conserved arginine, 

Arg163 (Figure 2.1 B). The alignment of 241 human PDZ domains indicates that 

the LIMKs are the only PDZ domains harboring an arginine in the second position 

of the χ-Φ-G-Φ motif 87,127.  As stated in Chapter 1, section 1.5.1, this region usually 

contains hydrophobic residues, and its conformation is essential for allowing the 

amide groups to serve as H-bond donors and confer depth to the binding cleft. To 

investigate this in more detail, I determined the crystal structure of the LIMK2 PDZ 

domain. 

2.3.2  Human LIMK2 PDZ crystal structure 

I expressed and purified the human LIMK2 PDZ domain (residues 145-236) and 

determined its crystal structure to 2.0 Å resolution (Figure 2.2 A, Table 2.1 ). The 

crystal structure reveals a compact globular domain resembling a partially open 

barrel typical of the PDZ fold. I find the expected canonical six β-strands and the 

canonical αB helix. As stated in Chapter 1, section 1.6, canonical PDZ fold includes 

αA helix, but unusually, I found that helix αA is replaced by two 310 helices, which 

I term αA’ (residues R187-H189) and αA’’ (residues P192-N194). Also, I found a 

third 310 helix in the βD-αB loop, which I term the αB’ helix (residues V212-T214) 

(secondary structure nomenclature as per 86). Dali searches with the two 

orientations reveal that the LIMK2 PDZ domain is most similar to the PDZ domains 

of PP1α (RMSDs of 3.0 Å and 3.5 Å over 88 and 88 Cαs for the two LIMK 

orientations; PDB ID: 3EGG 327), syntenin-1 (2.5 Å/2.5 Å over 78/80 Cαs; PDB ID: 

5G1E 328), disks large homolog 4 (2.8 Å/2.5 Å over 87/85 Cαs; PDB ID: 5HEY 329) 
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and harmonin (3.0 Å/2.8 Å over 85/84 Cαs; PDB ID: 3KLR 136). The structure of 

the LIMK2 PDZ domain, therefore, reveals an overall canonical PDZ domain with 

unusual features, where the ‘χ-Φ-G-Φ’ motif includes two basic residues (KRGL, 

RRGL for LIMK1 and LIMK2, respectively) and a shallow binding cleft.   

2.3.3 hLIMK2 PDZ domain R163 engages in extensive hydrogen bonding 

Unusual features are observed when I look closely at the Arg163, which occupies 

the second hydrophobic position in the x-Φ-G-Φ motif. This residue is usually 

oriented towards the hydrophobic core of the domain, and similarly, but 

unexpectedly, for an arginine, I found that in my structure, Arg163 is pointed 

inwards towards the hydrophobic core. To balance the charge of the guanidino 

group, Arg163 engages in extensive hydrogen-bonding: it caps helix αB hydrogen 

bonding to the carboxyl oxygens of residues Ala223, Ile224, and Gln226, and 

hydrogen bonds to the carboxyl oxygen of Gln229 within the αB-βF loop (Figure 

2.2 B, C). This seems to provide a rigid base for the C-terminus of the αB helix. A 

consequence of this inward-facing arginine residue, which is a member of the 

‘carboxylate-binding loop,’ βA-βB, is that it helps create a somewhat shallow 

binding grove between the βB strand and αB helix (Figure 2.2 D). Canonical PDZ 

domains utilize the βB-αB groove to bind partner peptides and coordinate terminal 

carboxylate groups by backbone amide interactions of the central Φ-G residues of 

the ‘x-Φ-G-Φ’ motif. The inward orientation of Arg163 to cap helix αB seems to be 

key for orientations of the βA-βB and αB-βF loops, an inward orientation of helix 

αB and placement of Arg163’s Cβ atom to encroach on the expected carboxylate 
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binding site, potentially providing a molecular explanation for why the LIMK PDZ 

domains have not been found to interact with carboxy-terminal peptides with 

measured affinities in a biological range 75,315. Therefore, the LIMK2 PDZ domain 

shows unusual features that make it different from canonical PDZ domains; it 

contains a non-canonical  ‘χ-Φ-G-Φ’ motif that does not contain the common 

hydrophobic residues at the first two positions of this motif. Instead, it contains two 

positively charged residues (KRGL, RRGL for LIMK1, and LIMK2, respectively). 

Also, the positively charged residues in the second position of the ‘χ-Φ-G-Φ’ motif 

are completely conserved and are important for the creation of a shallow binding 

grove between the βB strand and αB helix of the PDZ domain.  

2.3.4 LIMK family conservation analysis  

Considering the unusual nature of the completely conserved Arg163, I wanted to 

know whether a more detailed conservation analysis could shed light on the role 

of the LIMK PDZ domain. I, therefore, mapped conservation over 421 LIMK1 and 

LIMK2 sequences (Figure 2.4A) onto my crystal structure. Supporting my 

conjecture that the orientation and interactions of Arg163 may help preclude 

carboxy-terminal peptide interactions, I do not find complete conservation of the 

canonical βB-αB binding groove over all the LIMKs (Figure 2.4 A) or for 

segregated LIMK1 or LIMK2 (Figure 2.5). In contrast, I was surprised to discover 

almost complete conservation over evolution and across both LIMK family 

members of an extended surface distal to the βB-αB binding groove comprising 

parts of strands βA, βF, and βD (Figure 2.4A). Generation of electrostatic potential 
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indicates that this surface is predominantly hydrophobic (Figure 2.4B). This highly 

conserved hydrophobic βA-βF-βD surface suggested that it either plays a 

structural role in stabilizing the protein or indicates a conserved surface for inter- 

or intra-molecular interactions with the kinase domain or other protein partners. I, 

therefore, decided to study the role of this surface of LIMK in a living organism. 

2.3.5 Reconstruction of the LIMK pathway in yeast  

Building on work done by the Hochstrasser, de la Cruz, and Turk laboratories at 

Yale University, I reconstituted the mammalian LIMK1-cofilin pathway in budding 

yeast Saccharomyces cerevisiae to evaluate LIMK autoregulation in living cells. I 

modified the previously reported system in which the Boggon lab reconstituted the 

mammalian LIMK1-cofilin pathway in budding yeast 186. The sole yeast cofilin 

ortholog (Cof1) is essential for viability, and expression of mammalian cofilin-1 can 

rescue the growth of a cof1Δ strain 330,331. It was shown previously that expression 

of the LIMK1 catalytic domain suppresses the growth of yeast expressing human 

cofilin in a manner dependent on Ser3 phosphorylation 186. I hypothesized that if 

full-length (FL) LIMK1 is autoinhibited by its N-terminal region, it would cause a 

less severe growth phenotype when expressed in yeast compared to the catalytic 

domain alone.  Furthermore, I hypothesize that mutations in the PDZ domain that 

relieve autoinhibition will exacerbate growth suppression by FL LIMK1. I, therefore, 

used this S. cerevisiae system to assess the impact of mutations in the βA-βF-βD 

surface of the LIMK PDZ domain (Figure 2.6). 
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I transformed cof1Δ yeast with two plasmids, one constitutively expressing human 

cofilin-1 and the other expressing WT LIMK1 or various mutants in a galactose-

inducible manner. I then examined cell growth under conditions that either induce 

(galactose) or do not induce (glucose) LIMK expression. In contrast to the induction 

of LIMK1 kinase domain expression, which resulted in complete growth 

suppression, the expression of FL LIMK1 reduced but did not eliminate growth. 

These observations suggest decreased cofilin phosphorylation by the presumably 

lower kinase activity of FL LIMK1 (Figure 2.7A)186. I found no reduction in growth 

for cofilin-S3A expressing yeast upon induction of either kinase domain or FL 

LIMK1, confirming that growth suppression depends on cofilin Ser3 

phosphorylation and is not due to non-specific toxicity (Figure 2.7A). 

2.3.6 Mutation in PDZ conserved patch increases growth inhibition   

I then analyzed my crystal structure of the LIMK2 PDZ domain and assessed the 

conservation and solvent exposure of residues within the conserved βA-βF-βD 

surface. Based on the high sequence similarity of LIMK1 and LIMK2 in the PDZ 

domain (47% identical, 81% similar) (Figure 2.7 B), I introduced point mutations 

to interrupt either the electrostatics (E225A, D221A, R222A, Q251A; LIMK1 

numbering) or to alter the hydrophobic surface (L165A) of the conserved βA-βF-

βD patch. I first assessed the mutants' expression in yeast and found that all 

constructs expressed to the same levels as WT LIMK1 (Figure 2.8). I then 

evaluated the impact of these mutations on yeast growth. All five-point mutations 

suppress growth compared to full-length LIMK1, and E225A (equivalent to LIMK2 
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E206) results in a complete loss of yeast growth, suggesting LIMK activity 

comparable to the uninhibited kinase domain (Figure 2.7A).  

To assess whether these alterations in yeast growth are due to alterations in LIMK 

catalytic activity, I conducted in vitro kinase activity assays. I purified full-length 

LIMK1 from yeast cultures and similarly purified E225A, L165A, D221A, R222A, 

K175D, and Q251A mutated full-length LIMK1 and catalytic domain control. Using 

these purified LIMK1s, I assessed the phosphorylation of purified human cofilin. I 

found that while the K175D and controls show no difference in cofilin 

phosphorylation compared to the wild-type full-length LIMK1, all mutants show an 

increase in kinase activity of at least approximately 4-fold with E225A 

demonstrating a 7.5-fold increase in kinase activity (Figure 2.9). I, therefore, 

conclude that the conserved βA-βF-βD surface of the PDZ domains of LIM domain 

kinases represents an intramolecular regulatory surface essential for normal 

modulation of LIMK kinase activity. Solubility analysis for the PDZ domain alone 

suggests that D221A and R222A are destabilizing but that Q251A and E225A 

remain soluble, potentially indicating divergent mechanisms for changes in LIMK 

activity (Figure 2.10). Overall, I infer that the conserved βA-βF-βD surface of the 

PDZ domains of LIM domain kinases represents an intramolecular regulatory 

surface that can autoinhibit LIMK kinase activity.  
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2.3.7 Mutations in conserved PDZ surface increase activation loop 

phosphorylation  

I finally assessed the role of the PDZ domain in regulating LIMK activation loop 

phosphorylation. The regulation steps for these kinases still need to be solved, and 

it is still being determined how autoregulation and activation loop phosphorylation 

coordinate to regulate activity. Therefore, could introducing these point mutations 

impact the phosphorylation of the LIMK activation loop? In keeping with 

coordinated autophosphorylation and intramolecular interactions, activation loop 

phosphorylation was consistently elevated for point mutations that increased 

kinase activity. I observed higher activation loop phosphorylation in both my yeast 

growth assays (Figure 2.11) and the purified protein used for my kinase assays 

(Figure 2.12).   

2.4 Discussion  

The LIM domain kinases are critical regulators of cytoskeletal dynamics in the cell. 

They recognize and phosphorylate ADF/cofilin proteins by an unusual mechanism. 

The uniqueness of this near-monogamous kinase-substrate relationship makes 

the LIMKs fundamental for regulating actin filament stabilization. Nonetheless, the 

regulation mechanisms by which the LIMKs are themselves controlled still need to 

be described. In this chapter, I provide new insights into the molecular basis of 

LIMK autoregulation by using a structure-directed approach to understand the role 

of the LIMK PDZ domain. I determined the 2.0 Å crystal structure of the LIMK2 
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PDZ domain and found key differences between this domain and the rest of the 

members of the PDZ family.  

My structure-based conservation mapping onto the LIMK2 PDZ domain 

revealed a previously undescribed highly conserved surface patch and led us to 

investigate the role of this region in autoregulation. As discussed in Chapter 1, 

section 1.6, PDZ domains most often bind protein partners via a cleft in the PDZ 

fold. However, based on my structure and conservation analysis, I find this surface 

to be non-optimal for canonical PDZ C-terminal binding. Therefore, I decided to 

introduce point mutations in a conserved surface distal to the canonical binding 

groove that shows high conservation. I found that the disruption of this conserved 

surface results in a complete loss of growth in a yeast assay, suggesting increased 

LIMK catalytic activity. In vitro kinase assays using full-length protein harboring 

mutations in the conserved surface also demonstrate increased kinase activity 

compared to wild-type proteins. My work, therefore, provides new insights into the 

PDZ and how this domain might regulate the activity of the kinase domain.  

Likewise, it highlights a conserved surface on the unusual PDZ domain as a critical 

component of the regulatory mechanisms for the LIM domain kinases. 

My crystal structure of the LIMK2 PDZ domain reveals an unusual addition 

to this common fold. My analysis of the LIMK2 PDZ domain and comparison to the 

over 250 mammalian PDZ domains 74,87,332 reveals three unusual features 

suggestive of functional relevance. Next, I describe how the PDZ domain of LIMK 

diverges from the canonical features described in Chapter 1, sections 1.6 to 1.6.3.  
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First, I observe that the canonical peptide binding cleft between the βB strand and 

αB helix is particularly shallow and that the orientation of the αB-βF loop 

encroaches on the binding grove. As discussed in section 1.6.2,  the depth and 

composition of residues in this cleft are important to fit the C-terminal carboxy 

binding site to the cleft.  While it is not necessarily unusual to observe a shallow 

cleft in PDZ domains (for example, PDZ7 of GRIP333), this feature provides a 

rationale for why the LIM domain kinase PDZ domains have not so far been found 

to interact with C-terminal peptides in PDZ interaction screening studies 75,315. 

Second, I find that the second position of the ‘χ-Φ-G-Φ’ motif is unique among the 

PDZ fold as hydrophobic core-facing arginine (Arg163 in LIMK2 and Arg176 in 

LIMK1). The hydrogen-bonding of this completely conserved arginine caps the αB 

helix, coordinates the αB-βF loop, and seems to provide a rigid base for the C-

terminus of the αB helix. Third, I find that the αA helix is replaced by two 310 helices. 

This combination of unusual features for the LIMK PDZ domain makes it difficult 

to place into the previously assigned PDZ classes (class I, class II and class III) 

67,100,103,118,127. These features do, however, tempt conjecture that this PDZ domain 

may be able to engage in bi-directional allostery. An example of allosteric 

regulation of PDZ interactions is discussed in Chapter 1, section 1.6.13, with Par-

6 and Cdc42, where interactions with helix αA can increase carboxylate peptide 

binding affinity and vice versa 149,150.  It is interesting to speculate that the LIMK 

PDZ domain may be primed for carboxylate peptide binding but require allosteric-
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induced conformational movements to reveal the high-affinity binding site. Further 

studies are required to probe this more fully. 

My structure also provides an interesting insight into the current state of 

macromolecular structure prediction. Comparison of my crystal structure with the 

unpublished NMR structure of the LIMK2 PDZ domain (Riken Structural Genomics 

Proteomics Initiative; PDB ID: 2YUB) reveals that some of the unique features of 

the LIMK PDZ domain are not found by NMR, including the 310 helices, αA’ and 

αA’’, and that the buried ‘χ-Φ-G-Φ’  arginine, Arg163, is surface exposed in the 

majority of the 20 models (17/20). In contrast, Alphafold (model AF-P53671-F1-

model_v2.pdb 334) predicts the 310 helices, αA’ and αA’’, and the buried Arg163 

(Figure 2.13).  My molecular replacement solution of the crystal structure was 

more accurate using the AlphaFold model than the NMR structure (TFZ score of 

28 versus 7, respectively), and the final structure displays RMSDs of  0.76 Å over 

91 Cαs and 1.42 Å over 89 Cαs when compared to the AlphaFold and NMR 

models, respectively. RMSD differences between the AlphaFold model and the 

crystal structure of the hLIMK2PDZ domain between members A and B of the 

asymmetrical unit are 0.76 Å and 0.70 Å between 91 and 83 equivalent Cα 

positions, respectively. These analyses suggest that AlphaFold can provide near-

experimental accuracy for molecular models even with unique structural features.  

As discussed in Chapter 1,  section 1.8, it is common among protein kinases that 

release from autoregulation is associated with activation loop phosphorylation 

179,241,307,335. Still, the details of how the LIMKs are autoregulated remain unclear. 
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Early studies suggested a ‘head-tail’ interaction between the N-terminal LIM and 

PDZ domains and the C-terminal kinase domain 53,54,307, and the activity of the 

catalytic domain alone is qualitatively about 100-fold higher than the full-length 

protein 186. This Chapter begins to provide some molecular-level details on this 

regulation mechanism. Unexpectedly, on mapping evolutionary conservation, I 

found a lack of conserved residues in the canonical βB-αB cleft but extremely high 

conservation on the βA-βF-βD surface. The importance of this βA-βF-βD surface 

in LIMK regulation has not been established. Introduction of point mutations 

increases the full-length protein's catalytic activity, consistent with the interruption 

of an autoinhibited conformation. My studies strongly imply that the βA-βF-βD 

surface, particularly the conserved glutamic acid, Glu206 (LIMK2) / E225 (LIMK1), 

is critical for autoregulation. Importantly, surface mutations outside this region and 

in the βB-αB cleft do not impact activity. Conversely, mutation of PDZ domain 

hydrophobic core residues increased catalytic activity (not shown). Mutation of 

these residues caused the isolated PDZ domain to be insoluble when expressed 

in bacteria suggesting that proper folding of the PDZ domain is required for 

autoregulation. My studies demonstrate that a previously unidentified and 

completely conserved surface on the properly folded PDZ domain is necessary for 

normal autoregulation of the LIMKs. This work provides a first molecular-level 

insight into the molecular surfaces important for autoregulation of LIMK. Based on 

the superposition of over 40 Alphafold models of LIMK1 and LIMK2 in different 

species (for further discussion, refer to Chapter 3), I find that the βA-βF-βD surface 
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is almost completely surface exposed, with a small portion of the surface (residue 

L152 and residues of βA which makes an anti-parallel β-sheet interaction with 

LIM2) consistently found to interact with the adjacent LIM2 domain. In these 

models, residue Glu206 (LIMK2) / Glu225 (LIMK1) is always surface exposed, 

further supporting my finding that the βA-βF-βD surface has the potential to 

regulate the kinase directly. I believe the disruption of the surface that mediates 

autoregulatory interactions between the PDZ domain with the kinase domain 

allows LIMK to reach a more “open” conformation. This “open” conformation allows 

for activation loop phosphorylation by upstream activators or a worse substrate for 

LIMK phosphatases. This model is supported by increased kinase activity and 

activation loop phosphorylation in PDZ mutants. Overall, the data presented in this 

chapter clearly demonstrate that a previously unidentified surface on the PDZ 

domain plays a pivotal role in the autoregulation of the LIM domain kinases. 
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2.5 Figures and Tables 

Table 2.1 Data collection and refinement statistics. 

Statistics for the highest-resolution shell are shown in parentheses. RMSD: root-

mean-square deviation. 

Data Collection LIMK2 PDZ 
PDB accession code 8GI4 
Wavelength (Å) 0.97918 
Resolution range (Å) 80.42  - 2.06 (2.13  - 2.04) 
Space group P 21  
Cell dimensions   a, b, c (Å) 80.9 83.0 83.1 
α, β, γ (°) 90, 96.6, 90 
Unique reflections 67631 (6631) 
Multiplicity 20.2 (14.1) 
Completeness (%) 99.8 (98.3) 
Mean I/σI 23.9 (2.0) 
Wilson B factor (Å2) 45.76 
Rpim 4.491 (40.21) 
CC½ 99.5 (0.3) 
CC* 99.9 (0.68) 
Refinement 
Resolution range (Å) 80.42  - 2.06 (2.13  - 2.06) 
Reflections used in 
refinement 

67544 (6630) 

Reflections used for Rfree 3197 (271) 
% Reflections used for Rfree 4.7 (4.1) 
Rwork (%) 21.0 (36.2) 
Rfree (%) 23.3 (36.6) 
No. of non-hydrogen atoms 

 

Protein 6091 
RMSD 
Bond lengths (Å) 0.002 
Bond angles (°) 0.45 

Ramachandran plot 
Favored, allowed, outliers 
(%) 

98.1, 2.0, 0.0 

Rotamer outliers (%) 0 
MolProbity clashscore 1.5 (100th percentile) 
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Average B factor (Å2) 59.8 
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Figure 2.1. LIMK domain architecture.  

A. LIM domain kinase family architecture showing human LIMK1 (UniProt ID: 

P53667) and human LIMK2 (UniProt ID: P53671). LIM1: first LIM domain, LIM2: 

second LIM domain, PDZ: PDZ domain,  Kinase: kinase domain. Activation loop 

phosphorylation residues indicated, Thr508/Thr505 for LIMK1 and LIMK2, 

respectively. Residue numbers are shown. B. Sequence alignment of PDZ 

domains. Alignment was created using PROMALS336. Uniprot ID for 

LIMK1_HUMAN, P53667; LIMK1_MOUSE, P53668; LIMK1_XENLA, O42565;  
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LIMK1_DANRE, B3DIV5; LIMK1_DROME, Q8IR79; LIMK2_HUMAN, P53671; 

LIMK2_MOUSE, O54785; LIMK2_XENTR, F7AFJ1; LIMK2_DANRE, Q6DG29; 

GRIP1_PDZ6_HUMAN_, P97879; PSD95_ PDZ3 RAT, P31016. GRIP1_PDZ6 is 

a Class I PDZ domain, and PSD95_PDZ3 is a Class II PDZ domain. ‘c-Φ-G-Φ’ 

sequence is inside a black-lined box. The conserved arginine residue equivalent 

to Arg163 in human LIMK1 is colored red. Conserved amino acid residues targeted 

in mutagenesis studies are in bold and under a black arrow.       
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Figure 2.2. Structure of LIMK2 PDZ domain.  

 A. Human LIMK2 PDZ domain determined to 2.0 Å resolution shown in cartoon 

format. Secondary structure named. The ‘x-Φ-G-Φ’ loop, bA-bB loop, aB-bF loop, 

and bB-bC loop are indicated, and the x-Φ-G-Φ’ loop is colored green. B. Electron 



138 

 

density map of Arg163. 2Fobs - Fcalc electron density map contoured at 1σ (blue). 

Fobs - Fcalc electron density map contoured at +3σ (green) and -3σ (red). C. 

Hydrogen bonds of Arg163.  D. Inward orientation of the aA-bF loop. Comparison 

of the aA-bF loop orientation of LIMK2 PDZ crystal structure (orange) and the most 

similar PDZ domains structures from Dali337; spinophilin, PDB ID: 3EGG327 (pink),  

disks large homolog 4, PDB ID: 5HEY329 (light blue), harmonin, PDB ID: 3K1R136 

(purple), and syntenin-1, PDB ID: 5G1E328 (teal). The inward orientation of helix 

αB helps create a somewhat shallow binding grove between the βB strand and αB 

helix compared to these most similar PDZ domains. Images generated using 

CCP4mg338. 
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Figure 2.3. Conservation of the LIMK PDZ domain.  

Sequences were obtained from UniProt309 and aligned in ClustalOmega310. Each 

sequence is named by species and UniProt ID. Conservation scores were 

calculated in Jalview311. Identical residues are highlighted in dark blue, and 

partially conserved residues in light blue. Mutations used in kinase assays are 

shown under an arrow, and their LIMK1/LIMK2 residue numbers shown.  
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Figure 2.4. Surface analysis of LIMK2 PDZ domain.  

A. Conservation of the LIMK2 PDZ domain.  PDZ domain conservation mapped 

onto the structure of LIMK2 PDZ for 421 aligned LIMK sequences from mammals, 

birds, fish, and insects. Dashed oval indicates the canonical PDZ binding cleft. B. 

Surface electrostatics of the LIMK2 PDZ domain calculated by CCP4mg338. Red 

indicates negatively charged surfaces, blue indicates positively charged surfaces, 
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and white surfaces indicate neutrally charged surfaces. Dashed oval indicates the 

canonical PDZ binding cleft.  



142 

 

 

Figure 2.5. Conservation of the PDZ domain within LIMK2 and LIMK1 
sequences. 

A, B. Cartoon and surface representations showing the LIMK2 PDZ domain 

conservation across LIMK2 sequences mapped to my crystal structure. Sequence 

alignment of 209 sequences of LIMK2 was made using ClustalO310. Species in this 

alignment include mammals, birds, fish, and insects.  C, D. Cartoon and surface 

representations showing the LIMK1 PDZ domain conservation across LIMK1 

sequences mapped to residues 160 to 260 of the AlphaFold model (AF-P53667-
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F1-model_v2). Sequence alignment of 212 sequences of LIMK1 was made using 

ClustalO310. Completely conserved residues are colored dark blue, less strongly 

conserved residues are colored lighter shades of blue, and non-conserved 

residues are white. Image generated using CCP4mg 338. 
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Figure 2.6. Reconstitution of the LIM-cofilin pathway in yeast.  

Mutations in hypothesized regulatory surface change LIMK autoregulation. 

Autoregulation disruption induces growth inhibition.  

 

 

 

 

 

 

 

 

 

 

 



145 

 

Figure 2.7. PDZ domain mutants suppress yeast growth.  

A. Serial dilutions of cof1Δ yeast expressing human cofilin and the indicated 

human LIMK1 mutants. Controls of human LIMK1 constructs, full-length (FL), 

kinase domain (CAT), unphosphorylatable cofilin S3A (S3A) and empty vector 

(EV). Mutants of full-length LIMK1: E225A, D221A, R222A, L165A, Q251A. 

Corresponding LIMK2 residue is shown in parentheses. Five-fold dilutions of yeast 

cultures were plated on solid media in the presence of glucose (-Gal) or galactose 
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and raffinose (+Gal/Raff) to induce LIMK1 expression. Plates were grown at 30°C 

for 2 days (glucose plate) or 4 days (galactose plate). Representative of 3 

independent experiments. B. Mutants assessed are shown on the cartoon and 

surface representations of the conservation map of the LIMK2 PDZ domain.  

Residues shown and equivalent human LIMK1 residue numbers: L152 (L165 in 

LIMK1), Q232 (Q251 in LIMK1), D202 (D221 in LIMK1), R203 (R222 in LIMK1) 

and E206 (E225 in LIMK1).  
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Figure 2.8. LIMK1 protein expression in yeast and kinase activity assessment 

Immunoblot analysis of FLAG-LIMK1 and PDZ mutants expressed in yeast Kss1 

loading control, His-cofilin, and cofilin phosphor-Ser3. WT indicates full-length 

LIMK1, and CAT indicates catalytic domain.  
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Figure 2.9. Increased in vitro kinase activity for LIMK1 PDZ mutants.  

Quantified autoradiography from radiolabel cofilin kinase activity of FLAG-LIMK1 

constructs purified from yeast. A. Full-length wild type (WT), kinase domain alone 

(CAT), and catalytically inactive kinase domain (CAT D460N) were used as 

positive and negative controls, respectively. PDZ domain mutants of conserved 

residues in FL LIMK1 are shown (equivalent residue in LIMK2 shown in 

parentheses). B. Graph focused on full-length mutant constructs compared to WT. 

C. Lower panel shows representative autoradiography reading of cofilin 
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phosphorylation for kinase assays with corresponding Coomassie staining. 

Statistical analysis was carried out using a non-parametric unpaired Mann-

Whitney test. Two stars (**) indicate p < 0.0079. A total of 5 replicates were 

analyzed using GraphPad Prism. 
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Figure 2.10. Bacterial expression and solubility tests for LIMK2 PDZ domain 
mutants.  

E. coli lysate fractionation of the crystallized his-tagged LIMK2 PDZ domain 

construct and comparison with PDZ mutants in this construct. Residue number for 

mutations corresponding to LIMK1 (top) and equivalent LIMK2 residue (bottom) 

are shown in the gel.  
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Figure 2.11. Assessment of LIMK activation loop phosphorylation in yeast.  

A. Immunoblot assessing activation loop phosphorylation in LIMK1 constructs from 

my yeast growth assays. The top panel shows yeast lysates blotted with anti-

pLIMK1 antibody. The second panel purified yeast protein blotted with anti-FLAG. 

B. Quantification of immunoblot signal. Signal was first normalized to FLAG signal 

of each construct and then to the signal from full-length WT LIMK1. Graph focused 
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on full-length mutant constructs compared to WT LIMK1. Statistical analysis was 

carried out using a non-parametric unpaired Mann-Whitney test. One star (*) 

indicates p = 0.05. A total of 3 replicates were analyzed using GraphPad Prism. 
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Figure 2.12. Assessment of LIMK activation loop phosphorylation.  

Blot assessing activation loop phosphorylation in LIMK1 constructs purified from 

yeast. Top panel yeast lysates blotted with anti-FLAG antibody for FLAG-LIMK1 

as loading control. Second panel purified yeast protein blotted with anti-phospho 

LIMK1. Parentheses indicate equivalent LIMK2 residue.   
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Figure 2.13. Comparison of LIMK PDZ structures.  

Superposition of both conformations of the LIMK2 PDZ crystal structure (orange 

and green) with the 20 deposited NMR states of mouse LIMK2 PDZ domain (PDB: 

2YUB; unpublished) (blue). Arg163 is indicated for the NMR structures, 17 copies 

are surface exposed, and 3 copies point towards the core. B. Superposition of both 
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conformations of the LIMK2 PDZ crystal structure (orange and green) with 

AlphaFold model of LIMK2 PDZ (pink) (LIMK2-AF-P53671-F1-model_v2.pdb).  
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Table 2.2. Primers used for mutagenesis.  

Protein 
Construct 

Mutatio
n Forward primer sequence Reverse primer sequence 

 
 

 
 
 

pRS415-
GAL-

FLAG-
LIMK1 

L165A 
5’-
CGCACACCGTTACGGCGGTC
AGCATTCCGG-3’ 

3’-
CCGGAATGCTGACCGCCGT
AACGGTGTGCG-5’ 

D221A 
5’-
TCCATTCACGTTGGTGCTCG
CATTCTGGAAATC-3’ 

3’-
GATTTCCAGAATGCGAGCA
CCAACGTGAATGGA 

R222A 
5’- 
ATTCACGTTGGTGATGCCATT
CTGGAAATCAACGGC-3’ 

3’-
GCCGTTGATTTCCAGAATGG
CATCACCAACGTGAAT-5 

E225A 
5’- 
GTGATCGCATTCTGGCAATC
AACGGCACCCC-3’ 

3’- 
GGGGTGCCGTTGATTGCCA
GAATGCGATCAC-5’ 

Q251A 
5’- 
ATGTTCCAGCGTCAGTGCCA
GCAGACGGCTG-3’ 

3’- 
CAGCCGTCTGCTGGCACTG
ACGCTGGAACAT-5’ 

K175D 
5’- 
GCCAGCTCTCACGGTGATCG
CGGCCTGTCCGTT-3’ 

3’- 
AACGGACAGGCCGCGATCA
CCGTGAGAGCTGGC-5’ 

 
 
 
 

 
 
pET HIS- 
hLIMK2 

PDZ 
C173S 

C173S 
5’- 
GTGGAGAGTGCCTCCTCCAA
CTACG- 3’ 

3’- 
CGTAGTTGGAGGAGGCACT
CTCCAC- 5’ 

L152A 
5’- 
CCCTACTCTGTCACGGCCAT
CTCCATGCCGGCC-3’ 

3’- 
GGCCGGCATGGAGATGGCC
GTGACAGAGTAGGG-5’ 

D202A 
5’- 
GCCATCCACCCTGGGGCTCG
CATCCTGG-3’ 

3’- 
CCAGGATGCGAGCCCCAGG
GTGGATGGC-5’; 

R203A 
5’- 
CACCCTGGGGACGCCATCCT
GGAGATCAAT-3’ 

3’- 
ATTGATCTCCAGGATGGCGT
CCCCAGGGTG-5’ 

E206A 
5’- 
GACCGCATCCTGGCGATCAA
TGGGACCCCCGTC-3’ 

3’- 
GACGGGGGTCCCATTGATC
GCCAGGATGCGGTC-5’ 

Q232A 
5’- 
CGAGCCAGACACTTGCGCTG
TTGATTGAAC-3’ 

3’- 
GTTCAATCAACAGCGCAAGT
GTCTGGCTCG-5’ 

R162D 
5’- 
GGCCACCACTGAAGGCGATC
GGGGCTTCTCCGTG-3 

3’- 
CACGGAGAAGCCCCGATCG
CCTTCAGTGGTGGCC-5’ 
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Chapter 3: Insight into the global conformation and autoinhibition of LIM 

domain kinases by its N-terminus  

3.1 Introduction 

3.1.1 LIMK is an important player in the regulation of actin dynamics  

As discussed in Chapter 1, sections 1.9 to 1.10, the LIMK family of proteins are 

important downstream effectors of RHO GTPase actin cytoskeleton-dependent 

pathways.  LIMK is an important cue that guides cytoskeletal dynamics in the cell, 

as it is an important regulator of cofilin proteins 255. Thus, LIMKs are critical nodes 

that direct cells to many actin-dependent processes, such as directed smooth 

muscle contraction, cell polarity, maintenance of neuronal projection, and ring 

contractibility during mitosis 18,19,155,339.  

3.1.2 Protein kinases are often regulated at multiple levels 

As Chapter 1, section 1.12 states, protein kinases are often regulated at multiple 

levels. Different levels of regulation are essential for the fidelity and timely 

regulation of cellular signals mediated by protein kinases 165,167,273-277. These 

distinct levels of regulation can be observed in intrinsically inactive protein kinases. 

Intrinsically inactive kinases often require activation by protein regulators to 

catalyze the phosphotransfer reaction, frequently needing the kinase domain to be 

in the correct conformation for activation. In other cases, kinases can be 

intrinsically active and require regulation mechanisms such as intramolecular 

domain interactions to limit catalytic activity.  Many protein kinases employ a 

variety of mechanisms to regulate the activation and inactivation of the catalytic 
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activity. To better understand how LIMK may be regulated, let us discuss some 

well-studied examples of protein kinase regulation in more depth. The reader is 

referred to sections 1.13.1-1.13.5 for further discussion on kinase regulation. 

Phosphorylation of a kinase activation loop is often associated with 

increased enzymatic activity. While activation loop phosphorylation is important, it 

is usually not the only means of regulation 165,166,278; many protein kinases contain 

multiple domains and employ inter- or intra-molecular interactions to alter catalytic 

rate 279-283. Allosteric regulation, as well as pseudosubstrate regulation, are 

autoregulation mechanisms that have been observed in protein kinases.  

Allosteric regulation is described as the intramolecular transmission of 

signals in one part of a protein that affects its structure and dynamics in regions 

elsewhere in the protein 171,329. Examples of this type of regulation include binding 

of ligands to receptors or intramolecular regulation between domains inside the 

same or different polypeptide chain that, upon binding to catalytic regions, changes 

the activity and conformation of the enzyme. In protein kinases, allosteric 

regulation can enhance or diminish the catalytic activity of a kinase. For example, 

two members of the non-receptor tyrosine kinase of families Csk (C-terminal Src 

kinase) and Src (proto-oncogene Sarcoma) have two different autoregulation 

mechanisms. Csk is thought to exhibit intramolecular interactions that favor the 

active conformation 340. Csk domain architecture includes, like Src, an SH3 domain 

and an SH2 domain 341.  Activation is thought to be mediated by Cask binding 

protein (CBP) binding to the SH2 domain via a phosphorylated tyrosine in CBP. 
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This complex can then bind to the N-lobe of the kinase domain and promote an 

active conformation compatible with catalysis342,343. In contrast, the Src kinase 

domain is thought to exist in an inactive state via intramolecular interactions in 

resting cells. 

The Src family of kinases contains N-terminal SH3 and SH2 domains and a 

C-terminal kinase domain 289-292. As mentioned in section 1.13.1, autoregulation is 

achieved by two protein interactions:  binding of the N-terminal SH2 domains to a 

pTyr in the C-terminus and binding of the SH3 domain to the kinase lobe via a 

conserved Pro in the linker region 284,285,288,294-296. Src protein kinase is thought to 

be basally autoinhibited in a “closed, globular” conformation through these different 

interactions, which keep the kinase domain in a conformation incompatible with 

catalysis. Activation is achieved by dephosphorylation of the C-terminal tail, 

binding of Src SH2 and SH3 ligands, and activation loop phosphorylation. These 

events create significant conformational changes, liberating conformational 

restraints in the kinase domain.  As domain interactions allosterically keep protein 

kinases in the active or inactive state, other interactions, such as pseudosubstrate 

interactions, have been shown to regulate protein kinases' catalytic activity.  

Pseudosubstrate regulation is described as binding a regulatory subunit in 

the same or different polypeptide chain to the enzyme's active site 302,344. Separate 

from allosteric regulation, pseudosubstrate regulators mimic the substrate, 

denying true substrate binding. As discussed in Chapter 1, section 1.13.2, protein 

kinases such as the p21-activated kinases of the type II subgroup (PAKs) are well-
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characterized Ser/Thr kinases that portrays pseudosubstrate regulation. In the 

case of PAK4, the domain architecture includes a GBD (GTPase binding domain, 

also known as Cdc42/Rac1 interactive domain, CRIB) and a protein kinase in the 

C-terminus. Pseudosubstrate autoregulation is mediated by the binding of a Pro 

motif in the linker region between the GBD and the kinase domain to the activated 

PAK4 kinase domain 345. Localization of PAK4 by binding of Cdc42 to the GBD 

and subsequent binding of a binding partner to the Pro-motif releases the 

pseudosubstrate motif and allows PAK4 to have catalytic activity 279. As mentioned 

above, autoregulatory modules can exist in the same polypeptide chain in 

pseudosubstrate and allosteric regulation 278. LIMK autoregulation is also thought 

to be mediated by interactions with its N-terminus domains.    

3.1.3 LIMKs are autoregulated by their N-terminus   

In the case of the LIMK family of proteins, activation loop phosphorylation by 

upstream regulators and interactions mediated by the N-terminus and the C-

terminal kinase domain is thought to regulate LIMK activity. The N-terminal of LIMK 

contains protein-protein interaction domains hypothesized to autoregulate the 

activity of LIMK. 

LIMKs are multi-domain proteins containing two N-terminal zinc finger LIM 

(Lin11, Isl1, Mec-3) domains, a PDZ (PSD95, Dlg1, Zo-1) domain, and a C-

terminal catalytic domain 16 (Figure 3.1A). As described in Chapter 1, LIM domains 

are composed of tandem zinc fingers and are found in kinases, adaptor proteins, 

and transcription factors 20 (Figure 3.1B). They usually mediate protein-protein 
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interactions, but no binding sequence preference has been found across the family 

20. LIM domains can recognize various protein partners in variable manners 

28,59,60,346. In contrast, PDZ domains have a well-characterized binding sequence 

preference. These domains recognize specific C-terminal and internal motifs in 

partner proteins, mostly found in the cytoplasmic tails of transmembrane receptors 

and channels 67,76-80,316,317. Interestingly, PDZ domains are thought to be 

promiscuous binders and non-canonical binding of PDZ domains to protein 

partners has also been reported 67,71,87,109,116.  

Multiple lines of evidence suggest the LIMK N-terminus acts as a negative 

regulator for catalytic activity, including mutations and deletions in the N-terminus, 

which increased activity and accumulation of actin filaments in cultured cells 

53,251,307, in vitro kinase activity assays which showed increased phosphorylation 

by truncated LIMK compared to the full-length protein, and titration of LIMK1 N-

terminal constructs which diminished the catalytic activity when added to the 

isolated kinase domain 53,251,307.  

The binding partners of the LIMK LIM and PDZ domains need to be better 

understood 101,316,317. However, a common theme observed in these studies relates 

to changes in activity upon binding protein partners to N-terminal domains 

234,262,263,268. As mentioned in Chapter 1, section 1.11.2, BMPR-II262,263, 

LRAP25a234, and p57kip2 268 are N-terminal protein partners that are known to 

change the activity of LIMK. These observations further support an autoregulation 

mechanism in which the N-terminus autoregulates LIMK activity. The next step 
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would have been obtaining the N-terminal domains' crystal structure. I expressed 

and purified the LIM2-PDZ domain of LIMK at high concentrations; however, this 

construct's crystallization trials were unsuccessful.  

To surmount this problem, I used AlphaFold predictions to hypothesize how 

autoregulatory interactions can mediate LIMK autoregulation conformation.  

Interestingly, AlphaFold predictions show the LIM2-PDZ portion of LIMK to interact 

with one another. This observation can be realistic, as LIM and PDZ interactions 

have been reported. Cases of intramolecular interactions of PDZ and LIM domains 

in this family of proteins have been observed, i.e., reverse-induced LIM genes 

(RIL) proteins, where the N-terminal PDZ domain interacts with the C-terminal LIM 

domain 46. However, the crystal suture of a LIM-PDZ complex has yet to be solved 

experimentally. The mechanism of LIM-mediated regulation of enzymatic activity 

for LIMK remains unresolved 53,54. However, there is a precedent of LIM-mediated 

activity regulation in the MICAL family of proteins 57,58,347.  

 As described in Chapter 1, the MICAL (microtubule-associated 

monooxygenase, calponin, and LIM domain-containing protein) family of proteins 

contains a monooxygenase domain in the N-terminus, followed by a calponin 

domain (CH) and a LIM domain, and a C-terminal Rab (Ras-associated binding) 

binding domain (RBD) 55,56. Indirect regulation of this protein is mediated by the N-

terminal half of MICAL (monooxygenase-CH-LIM), which directly interacts with the 

C-terminal RBD domain in an intramolecular fashion57. This interaction is disrupted 
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by the binding of Rab to the C-terminal RBD and is believed to regulate the activity 

of the monooxygenase domain 58.  

PDZ domains, as shown in Chapter 2, are involved in regulating LIMK 

catalytic activity. The PDZ domain's most common function is to act as a protein 

scaffold. However, it has been shown to indirectly regulate the activity of protein 

enzymes by binding regulatory units. This is observed with the iNOS PDZ, where 

its C-terminal PDZ binding motif bins to its own PDZ domain to regulate NO 

synthesis 348.  

3.1.4  Significance and Project Aims 

The inactive state of LIMK is thought to involve multi-domain interactions between 

the N-terminal LIM and PDZ domains and the C-terminal kinase domain. In this 

chapter, I shed light on the global features that describe the autoregulation 

mechanism of LIM domain kinases. I use biochemical, biophysical, and 

computational techniques to understand better the N-terminus domains and how 

LIMK may be autoregulated. I use conservation and AlphaFold prediction analysis 

334,349 to hypothesize that the LIM2-PDZ region may behave as a multidomain in 

solution using SAXS. I perform in vitro kinase assays with purified LIMK2 active 

kinase domain and titrate purified LIM2-PDZ to obtain IC50 values for this 

inhibition. I also use negative stain electron microscopy and observe large 

conformational changes between the full-length (FL) WT active protein and the 

kinase-inactive D451N mutant. I found that the WT LIMK FL protein shows an 

elongated conformation compared to the kinase-inactive mutant, suggesting the 
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kinase is regulated in cis and keeps a “closed, globular” conformation. I also 

provide novel data suggesting that the LIMK2 kinase domain does not 

phosphorylate mutant cofilin where the phosphorylation residue Ser3 is mutated 

to Thr (S3T) in vitro.  

3.2 Methods  

3.2.1 Conservation study of LIMK1 and LIMK2  

To explore the role of the LIMK LIM2-PDZ domain, I used my already created 

sequence conservation analysis of all LIMK family members to observe the 

conservation of these two domains between the LIMKs, across the LIMKs over 

evolution. LIMK1 and LIMK2  sequences were identified using NCBI BLAST 324. A 

total of 800 downloaded sequences were filtered for correct LIMK sequences and 

full-length isoforms. Sequences were aligned using the ClustalO 310 server and 

visualized using JalView 311. PDZ sequences were identified using NCBI BLAST 

324. A total of 967 sequences downloaded were filtered for only human-containing 

PDZ proteins. Sequences were aligned using the ClustalO 310 server and 

visualized using JalView 311.  

3.2.2 LIM2-PDZ protein expression and purification  

The complementary DNA (cDNA) encoding human LIMK2 (UniP ID: P53667) 

LIM2-PDZ domain (61-250) was inserted into pGEX-6p1 using enzymes BamHI 

and EcoRI (GE Healthcare) for expression as a GST-fusion protein in Escherichia 

coli. A point mutation was introduced in residue Cys173 to Ser using QuikChange 

Lightning site-directed mutagenesis kit (Agilent). Cys173 in the PDZ domain was 
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mutated to Ser to inhibit the formation of disulfide bonds and to improve stability 

for biophysical experiments. Forward primer 5’- 

GTGGAGAGTGCCTCCTCCAACTACG- 3’ and reverse primer 5’- 

CGTAGTTGGAGGAGGCACTCTCCAC- 3’.  

GST-tagged hLIMK2 LIM2-PDZ was expressed in BL21 (DE3) cells (Millipore 

Sigma) by induction with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) 

overnight at 16 °C. Cells were harvested by centrifugation at 2,000×g and lysed in 

nickel binding buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT) by addition of 

0.1 M phenylmethylsulfonyl fluoride (PMSF), Roche complete EDTA-Free 

protease inhibitor tablet and lysozyme, followed by freeze/thaw cycles and 

sonication. Lysates were clarified by centrifugation at 5000×g for 1 hour.  

Supernatant was applied to glutathione-Sepharose 4B beads (GE Healthcare) to 

capture GST-fusion proteins. The GST tag was removed by enzymatic cleavage 

with Prescission protease on-bead. The cleavage reaction was then flowed over a 

GST affinity column (gluthatione-Sepharose, GE Healthcare) to remove the GST 

tags, uncleaved GST-tagged protein, and the GST- tagged PreScission protease. 

The flow-through containing untagged LIM2-PDZ protein was concentrated in a 

centrifugal filter (Amicon Ultra, Millipore Sigma), diluted to a salt concentration of 

37mM NaCl and applied to a 5ml Anion Exchange column (Mono Q GE 

Healthcare) equilibrated in 20 mM Tris pH 7.5 buffer. LIM2-PDZ was eluted with 

increasing concentrations of NaCl. The eluted peak was concentrated and then 
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purified by Size exclusion chromatography on a Superdex 75 10/300 GL column. 

PDZC173S eluted as a monodisperse peak. 

3.2.4 LIMK2 kinase domain protein expression and purification  

A sequence encoding human LIM kinase 2 (LIMK2) residues 322-638 of the kinase 

domain (CAT) was subcloned into a GST tagged transfer vector derived from 

pFastBac Htb (Invitrogen) using SalI and XhoI restriction enzyme sites. 

Recombinant baculovirus was generated using the Bac-to-Bac baculovirus 

expression system (Invitrogen), and the kinase domain was expressed as a 

glutathione S-transferase (GST) fusion protein with a tobacco etch virus protease 

(TEV) site located between GST and LIMK2 CAT. Spodoptera frugiperda Sf9 cells 

(Gibco) infected with the recombinant baculovirus were grown in shaker flasks and 

ESF921 media (Expression Systems) and harvested 48 hours after infection. Cells 

were harvested and resuspended in 10 ml lysis buffer (50 mM Tris, pH 7.5, 150 

mM NaCl, 1 mM DTT, 1% Triton X-100, protease inhibitor cocktail (Roche), and 

0.1 mM PMSF) and lysed by incubation at 4°C, rotating for 30min. Following cell 

lysis, lysates were clarified by centrifugation at 5000×g for 1 hour.  Clarified 

supernatant is applied to 1 ml glutathione Sepharose 4B resin (GE Healthcare) 

and incubated for 2 hrs at 4°C. Bound protein to beads was washed with 50 ml of 

GST wash buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM dithiothreitol 

[DTT]. Overnight treatment with GST-TEV protease at 4°C cleaved GST and 

LIMK2 CAT, and the eluate (containing LIMK2 CAT) was stored supplemented 

with 5% glycerol. Aliquots of protein were stored at -80°C. 
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3.2.5 LIMK2 LIM2-PDZ size exclusion chromatography – small angle X-ray 

scattering (SEC-SAXS) studies  

Purified LIMK2 LIM2-PDZ C173S was concentrated to approximately 11 mg/mL. 

Protein samples and SEC buffer (150 mM NaCl, 20 mM Tris, pH 8) were flash-

frozen in liquid nitrogen and later defrosted for SEC-MALS-SAXS experiments at 

Brookhaven National Laboratory. The samples were thawed and centrifuged to 

pellet any precipitates on the day of data collection. The samples were injected at 

room temperature onto an SEC column (Cytiva Superdex 200 Increase 5/150 GL) 

in 1X SEC buffer at a flow rate of 0.35 mL/min using a 1260 Infinity II HPLC 

(Agilent). The sample elution was first detected by UV (Agilent UV monitor). The 

sample flowed to the SAXS sample chamber where X-ray scattering data were 

collected at room temperature by a Pilatus900k detector at a wavelength of 

0.819 Å, camera length of 3.686 m, and an exposure time of 0.5 s. Detector 

configuration yielded an accessible scattering angle of 0.006 < q < 3.0 Å−1, where 

q is the momentum transfer, defined as q = 4 π sin(θ)/λ (λ is the wavelength and 

2θ is the scattering angle). Data were normalized using an active beamstop 

containing a silicon PIN diode. All data were collected at BNL, NSLS-II, LiX, and 

Beamline16-ID using synchrotron radiation.  

3.2.6 LIMK2 LIM2-PDZ SEC SAXS data analysis 

Image files were reduced using BioXTAS RAW (v 2.0.3)350, and the total intensity 

per frame was calculated to produce a scattergram. From this scattergram, buffer 

subtraction was performed by binning and averaging approximately 100 frames of 
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the eluate before the elution of the protein from the column, also in BioXTAS RAW. 

Frames were chosen from the sample peak and averaged based on initial 

Rg calculations. The averaged frames were saved as a single intensity profile and 

used for further data analysis. Using BioXTAS RAW as a GUI interface 350, Guinier 

analysis was performed on each intensity profile to determine data quality. 

Molecular weight estimations were performed in RAW351,352. Pair Distribution 

functions were determined by using GNOM in RAW using default parameters. 

DENSS models were created using default parameters in RAW, which generated 

20 initial models, which were then aligned, averaged, and refined353.  

3.2.7 AlphaFold prediction analysis  

AlphaFold models of LIMK2 LIM2-PDZ were downloaded from 

https://alphafold.ebi.ac. In 11 AlphaFold models, from human LIMK1 and LIMK2 to 

fish LIMK1, LIMK2 was structurally aligned using CCP4mg338.  

Table 3.1. AlphaFold PDB codes used for the analysis of LIMK full-length 
protein prediction 

Protein Species AlphaFold code  
 
 
 
LIMK1 
 

Homo sapiens F-P53667-F1-model_v4 
human.pdb 

Mus musculus AF-P53668-F1-model_v4.pdb 

Gallus gallus AF-Q8QFP8-F1-model_v4.pdb 

Danio rerio AF-B3DIV5-F1-model_v4.pdb 

Xenpus laevis  AF-O42565-F1-model_v4.pdb 

Drosophila melanogaster  AF-Q8IR79-F1-model_v4.pdb 

 Homo sapiens AF-P53671-F1-model_v4.pdb 
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LIMK2 
 

Mus musculus AF-O54785-F1-model_v4.pdb 

Gallus gallus AF-P53666-F1-model_v4.pdb 

Danio rerio AF-Q6DG29-F1-model_v4.pdb 

Xenpus tropicalis  AF-F7AFJ1-F1-model_v4.pdb 

 

3.2.8 LIMK2 FL WT and FL D451N sample preparation  

The complementary DNA (cDNA) encoding full-length Homo sapiens (human) LIM 

kinase 2 (LIMK2) protein (UniProt ID: P53667) containing residues (1-638) of the 

full-length and the kinase-inactive D451N (FL D451N) was subcloned into a GST 

tagged transfer vector derived from pFastBac Htb (Invitrogen) using KasI and 

EcoRI restriction enzyme sites. Recombinant baculovirus was generated using the 

Bac-to-Bac Baculovirus expression system (Invitrogen), and the full-length was 

expressed as a Glutathione S- transferase (GST) fusion protein with a Tobacco 

Etch Virus protease (TEV) site located between GST and FL LIMK2 WT and FL 

LIMK2 D451N. Spodoptera frugiperda (Sf9) cells (Gibco) infected with the 

recombinant baculovirus were grown in shaker flasks and ESF921 media 

(Expression Systems) and harvested 48 hours after infection. Cells were harvested 

and resuspended in 10 ml lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 

dithiothreitol [DTT], 1% Triton X-100, protease inhibitor cocktail (Roche), and 

0.1mM PMSF) and lysed by incubation at 4°C, rotating for 30min. Following cell 

lysis, lysates were clarified by centrifugation at 5000×g for 1 hour.  Clarified 

supernatant is applied to 1 ml Glutathione Sepharose 4B resin (GE Healthcare) 
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and incubated for 2hrs at 4°C. Bound protein to beads was washed with 50mls of 

GST wash buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, and 1 mM 

dithiothreitol [DTT]. Overnight treatment with GST-TEV protease at 4°C cleaved 

GST and FL LIMK2, and the eluate (containing FL LIMK2 ) was then concentrated 

to  500µl  in a centrifugal filter (Amicon Ultra, Millipore Sigma). Concentrated 

protein was then purified by size exclusion chromatography on a Superdex 200 

10/300 Increase. FL LIMK2 and FL LIMK2 D451N were eluted as monodisperse 

peaks. Protein was then concentrated again to a final concentration of 0.6µl for 

negative stain electron microscopy experiments.  

3.2.9 LIMK2 FL WT and FL D451N protein negative stain electron microscopy  

Negative stain electron microscopy grids were prepared by applying 1 μL of protein 

solution (~0.6 μM) onto a carbon-coated copper grid previously irradiated under a 

UV lamp for 40 min. The grid was then stained with 1% uranyl acetate. Grids were 

imaged using a Tecnai T12 microscope fitted with a Tungsten filament operating 

at 120 kV. 100 micrographs were recorded at a nominal magnification of 6700× on 

a 4 k × 4 K Gatan CCD camera resulting in an Å/pixel value of 4.0. Automated 

particle picking was performed using RELION 3.1. Three rounds of reference-free 

2D classification were carried out in Relion 3.1, resulting in 20 classes for both FL 

LIMK2 WT and FL LIMK2 D451N.  

3.2.10 LIM2-PDZ inhibition of LIMK2 CAT kinase activity    

Human cofilin was purified as described in 186. CAT WT LIMK2 purified from insect 

cells at a 2nM concentration was mixed with cofilin at a final concentration of 6.7 
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μM and increasing concentrations (4-120 μM of LIMK2 LIM2-PDZ)  in a final 

volume of 20 μl. The incubation mixture contained 20 mM Tris, pH 7.5, 150 mM 

NaCl, 5 mM MgCl2, 5 mM MnCl2, 20 μM ATP, 1 mM DTT, 0.1 μCi/ml 32P-ATP and 

reactions was carried out at 30 °C for 10 minutes. Reactions were quenched by 

adding 1x SDS-loading buffer and resolved by SDS-PAGE on a 15% 

polyacrylamide gel. Dried gels were are subjected to autoradiography, and the 

level of phosphorylated cofilin was evaluated on a Bio-Rad Molecular Imager Fx 

system using Quantity One 1D Analysis software (Life Sciences Research). A total 

of 3 replicates were analyzed using GraphPad Prism. Data were normalized to a 

sample containing only the kinase domain signal. Statistical analysis was carried 

out using non-linear regression, dose-response for inhibition.  

3.3 Results 

3.2.1 LIMK N-terminus conservation shows high conservation for the LIM2-

PDZ domains  

Conservation analysis is a powerful tool for studying proteins, as selective 

pressures over evolution usually retain functionally essential regions. LIMK 

contains three N-terminal protein-protein binding domains, two LIM, and a PDZ 

domain (Figure 3.1A). As mentioned in Chapter 2, the PDZ domain has a 

functionally conserved region involved in autoregulating the kinase activity in LIMK 

proteins. Further analysis of the N-terminus, especially the remaining LIM1 and 

LIM2 domains, also can provide some information on other regions that could also 

be involved in autoregulation (Figure 3.1B). Preliminary data from my lab suggests 
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that the LIM2 domain is also involved in autoregulation. A closer look at these 

domain sequences shows that LIM1 and LIM2 domains of LIMK1 and LIMK2 share 

54% identity and 65% similarity. Individually, LIM1 is 47% identical and 63% similar 

between LIMK1 and LIMK2, while LIM2 is 60% identical and 67% similar. 

Conservation analysis on the N-terminal LIM1 and LIM2 domains shows high 

conservation, especially in the LIM2 region (Figure 3.2). Mapping this 

conservation to the 3D structure of this domain would have been the next step, but 

unfortunately, crystallization of the LIM2-PDZ region was unsuccessful. However, 

using the prediction tool, AlphaFold354, I mapped the conservation of 421 aligned 

sequences of LIMK1 and LIMK2 to the predicted model of human LIMK1 and 

LIMK2 LIM2-PDZ domain 334,349.  

3.3.2 The LIMK LIM2-PDZ domains are predicted to interact with each other  

The mapped conservation of the N-terminus shows a more conserved LIM2 

domain in comparison to the LIM1 domain (Figure 3.3 A, B, Figure 3.4). As stated 

in Chapter 1, section 1.3, LIM domain architecture comprises the following: the first 

zinc finger contains b-hairpins 1 and 2, and the second zinc finger includes b-

hairpins 3 and 4, finishing with a short a-helix. Rubredoxin-type zinc knuckles 

connect the short strands of b-hairpins 1 and 3, and the longer strands of b-hairpins 

2 and 4 are connected by tight turns. The PDZ domain, as reported in Chapter 2, 

is a partially open b-barrel.  

Interestingly, 10 models of both LIMK1 and LIMK2 of species ranging from 

human to insect consistently predict a beta-strand addition interaction between the 
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PDZ domain and the LIM2 domain (Figure 3.3 C). This beta strand addition is 

predicted to occur between the third beta-strand of the LIM2 domain second zinc 

finger and the bA of the PDZ domain, forming a multidomain module. bA contains 

highly conserved amino acids, and one of the mutations used in my mutagenesis 

analysis of the PDZ domain mentioned in Chapter 2 is in this area. It is important 

to note that this interaction is predicted to occur near the highly conserved surface 

of the PDZ domain. However, none of the residues used in my mutagenesis are 

predicted to interact via side-chain interactions (Figure 3.5). I used Small Angle X-

ray scattering (SAXS) to obtain low-resolution information on these domains.  

3.3.3 SAXS data shows a globular monomeric molecule 

SAXS is a biophysical technique that provides low-resolution information on the 

shape, conformational flexibility, and assembly of protein complexes in solution. 

When coupled with size exclusion chromatography (SEC), it can also provide a 

quality assessment of individual populations in the sample.  This technique can 

also help me find the oligomeric state and molecular weight of the domains and 

help me understand if the LIM2-PDZ of LIMK behaves like a globular module or 

two independent domains, like “two beads on a string.” I, therefore, expressed and 

purified human LIMK2 LIM2-PDZ protein fragments and investigated the 

conformational state of the LIM2-PDZ region of the N-terminus using SEC-SAXS 

(Figure 3.6).  I find that LIMK LIM2-PDZ behaves as a monodisperse species and 

has a molecular weight consistent with a monomer (21 kD as a monomer in 

solution) (Table 3.2 and 3.3). Likewise, the scattering intensity and the radius of 
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gyration across the SEC elution peak are consistent with a homogeneous protein 

sample (Figure 3.7A). Guinier analysis and the plotted residuals between the data 

and fit show no systematic deviations from linearization for the sample, indicating 

high-quality data. (Figure 3.7B). The Kratky analysis does not decay to zero, and 

the Porod-Debye does not plateau, indicating a flexible molecule (Figure 3.7C, D). 

The overall shape of the pair distribution function suggests that the sample exists 

as a globular protein (Figure 3.7E). Using DENSS (DENsity from Solution 

Scattering354), I calculated a three-dimensional particle electron density map for 

the experimental solution scattering. I observed that it does not fit appropriately 

when superposed to the AlphaFold predicted model (Figure 3.8B). Using two 

different servers, FoXS and CRYSOL, which compute a theoretical scattering 

profile of a structure and fit it to an experimental profile, I tested if the predicted 

model theoretical scattering fits my experimental SAXS data 355,356,357. The c2 

values obtained were 36 and 6, respectively, indicating that the model does not fit 

the experimental SAXS profile. (Figure 3.8B). However, as this is a predicted 

model, it is not unlikely that it fails to accurately represent the molecule in solution. 

Taken together, my SAXS analysis provides new insights into the molecular level 

conformation of the LIM2-PDZ region of the LIMK and reveals a globular protein 

with some degree of flexibility.  
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3.3.4 The LIM2-PDZ region of the N-terminus inhibits kinase activity in 

radiolabel kinase assays. 

To probe the ability of the LIM2-PDZ module to inhibit the kinase activity of LIMK2, 

I assessed its inhibitory activity using radiolabel kinase assays. I titrated the N-

terminal LIM2-PDZ domains into radiolabel kinase reactions using active LIMK2 

kinase domain (CAT) and cofilin as substrate to test their respective inhibitory 

activities. I observe that the LIM2-PDZ domains inhibit the kinase activity of LIMK. 

Initial IC50 values of 26 µM are obtained. (Figure 3.9 A, B). Moreover, there seems 

to be activation when adding the lowest amount of LIM2-PDZ into the reaction. 

This could be explained by a crowding effect, where an increase in total protein 

enhances kinase activity.  

3.3.4 S3T cofilin is not phosphorylated by LIMK2 catalytic domain 

A question yet to be answered in the field is whether LIMK2 can phosphorylate 

S3T cofilin in vitro. In kinase assays using WT cofilin and S3T cofilin (kindly 

provided by Dr. Joel Sexton from the Turk laboratory), where a Thr replaces the 

biological phosphorylation site Ser, I observe no phosphorylation. (Figure 3.9 C).   

3.3.5 Assessment of LIMK2 full-length conformation using negative stain 

electron microscopy 

Since the SEC-SAXS experiment of LIMK2 full-length protein will require a 

substantial amount of protein, I decided to pursue negative stain electron 

microscopy to observe large conformational changes between full-length LIMK2 

wilt-type and catalytically inactive. I chose to use catalytically inactive full-length 
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protein as it has the potential of showing a different conformation because of its 

inability to autophosphorylate other protein regions. These experiments were in 

collaboration with the Mi laboratory, specifically with Dr. Yunxiang Zang. Negative 

stain electron microscopy experiments were performed on a TF12 with a 

magnification of 6700x. A 2D class average of around 100 classes was obtained 

for both samples (Figure 3.10 A, B). The particles in LIMK2 full-length wild-type 

protein display an elongated conformation (Figure 3.10 C), while the D451N 

mutant displays a more compact conformation, resembling a triangle (Figure 3.10 

D). Both samples have similar dimensions of around 8-10 nm. Therefore, these 

experiments tentatively show different conformational flexibility between the two 

constructs, suggesting that conformational flexibility is associated with the 

phosphorylation state of the protein with a more flexible conformation for wild-type 

LIMK2 compared to the kinase-inactive D451N compact conformation. Further 

studies are required to build on these preliminary results. 

3.4 Discussion 

LIMK proteins are autoregulated via two modes: one, by activation loop 

phosphorylation, and two, by autoregulatory interactions with the kinase domain. 

This chapter explored larger conformational changes or arrangements in LIMK that 

can help me better understand how LIMK can be autoregulated. Since 

experimental structure determination can be challenging for multidomain 

complexes, let alone full-length proteins with flexible regions, the development of 

AlphaFold has become a useful and accessible tool to explore how proteins fold 
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with the help of artificial intelligence and multiple sequence alignment. I, 

consequently, decided to use this tool to examine LIMK full-length protein 

predictions. Stinkingly, as mentioned in Chapter 2, the PDZ AlphaFold prediction 

served as a better molecular replacement model for the deposited NMR structure 

for the experimental structure determination of the human LIMK2 PDZ domain. A 

closer look at other N-terminus of LIMK shows an interesting interaction. The LIM2-

PDZ region interacts via beta strand addition between the bA of the PDZ domain 

and the LIM2 b-hairpin 3. Both surfaces are highly conserved based on my 

conservation analyses.  Furthermore, this interaction is recapitulated in about 20 

models inspected from LIMK1 and LIMK2 from different organisms. Even though 

proteins containing both LIM and PDZ domains exist, no experimental structure of 

these two domains in complex has been published. I, therefore, decided to test if 

these two domains can form a multidomain module and behave as a globular entity 

or if they behave as “two beads on a string” using SEC-SAXS.  

Indeed, I observe a flexible globular module, pointing at a possible 

multidomain interaction between the LIM2 and the PDZ domain of LIMK. More 

experimental data is needed to test if this interaction is relevant to the 

autoregulatory mechanism of LIMK. Nevertheless, I was able to test if this region 

of the N-terminus can inhibit kinase activity in radiolabeled kinase assays. In these 

experiments, I can observe inhibitory action as I increase the concentration of the 

LIM2-PDZ region titrated in the kinase assay. Initial analysis suggests an IC50 of 

26 µM, a value appropriate for an autoregulatory interaction. Another question that 
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remains is if the PDZ region alone can inhibit the activity of LIMK. Preliminary 

experiments show that the PDZ can regulate the activity of LIMK, but higher 

concentrations are needed to reach similar inhibition as the one observed with the 

LIM2-PDZ region. Interestingly, to answer some questions regarding LIMK2 dual-

specificity, the catalytic domain does not phosphorylate S3T cofilin in vitro. This 

suggests that a Thr residue is a poor substrate for LIMK2.  

Further support of an autoregulatory interaction between the N-terminus 

and the C-terminus of LIMK is suggested in my preliminary negative stain electron 

microscopy experiments of full-length LIMK in the wild-type form and kinase-

inactive D451N. These show two very distinct states. A more elongated shape is 

observed for the wild-type protein, while a compact, triangular shape is observed 

for the kinase-inactive. This conformationAal flexibility may be associated with the 

phosphorylation state of the protein. These data suggest that the phosphorylation 

state of the protein pushes the equilibrium from the more stable autoinhibited 

conformation to the more flexible active state. The inability of the kinase-inactive 

full-length LIMK to autophosphorylate in other regions of the protein outside the 

activation loop could impact the overall conformation of LIMK. These initial 

negative stain electron microscopy data may also suggest a predominantly cis 

autoregulation mechanism where the N-terminus folds into the kinase domain to 

execute its autoinhibition. Further studies are needed to delineate the 

phosphorylation state between the two conformations to better understand global 

changes in conformation in LIMK. The experiments presented in this study reveal 
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the conformational state of the autoregulatory unit LIM2-PDZ in the N-terminus and 

demonstrate its autoregulatory action towards the kinase domain. Also, it provides 

preliminary evidence on large conformational changes in full-length LIMK2 

between wild-type and kinase-inactive D451N, where autoregulation is thought to 

happen in cis with an autoregulated protein in a triangular-like conformation and a 

more elongated conformation when active.  
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3.5 Tables and figures 

Figure 3.1. Sequence alignment of the N-terminal LIM1 and LIM2 domains of 
LIMK.  

A. LIM domain kinase family architecture showing human LIMK1 (UniProt ID: 

P53667) and human LIMK2 (UniProt ID: P53671). LIM1: first LIM domain, LIM2: 

second LIM domain, PDZ: PDZ domain,  Kinase: kinase domain. Activation loop 
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phosphorylation residues indicated, Thr508/Thr505 for LIMK1 and LIMK2, 

respectively. Residue numbers are shown. B. Sequence alignment of PDZ 

domains. Alignment was created using PROMALS336. Uniprot ID for 

LIMK1_HUMAN, P53667; LIMK1_MOUSE, P53668; LIMK1_XENLA, O42565;  

LIMK1_DANRE, B3DIV5; LIMK1_DROME, Q8IR79; LIMK2_HUMAN, P53671; 

LIMK2_MOUSE, O54785; LIMK2_XENTR, F7AFJ1; LIMK2_DANRE, Q6DG29; 

LMO4_LIM1&2_MOUSE_, P61969; PINCH_ LIM1&2 HUMAN, P48059. Red 

letters at the bottom of the alignment show the double zinc finger sequence motif. 

Top panel denotes the sequence for the LIM1 domains and the bottom panel 

denotes the sequence of the second LIM2 domain. 
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Figure 3.2. Sequence alignment of LIMK1 and LIMK2 shows high 
conservation for the LIM2 domain.  

Sequences were obtained from UniProt309 and aligned in ClustalOmega310. Each 

sequence is named by species and UniProt ID. Conservation scores were 

calculated in Jalview311. Identical residues are highlighted in dark blue, and 

partially conserved residues are in light blue.  
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Figure 3.3. AlphaFold models with mapped conservation show, consistently, 
an interaction between the LIM2 and the PDZ domain.  

Conservation LIMK LIM1, LIM2, and PDZ domains mapped onto the predicted 

structure of LIMK1 and LIMK2 N-terminus models. 421 aligned LIMK sequences 

from mammals, birds, fish, and insects were used for the conservation analysis. 

Dashed red circle indicates the 𝛽-strand addition between the LIM2 domain and 

𝛽F in the PDZ domain.  
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Figure 3.4. Conservation mapped to the Alphafold predicted model of human 
LIMK1 and LIMK2 LIM2-PDZ domain.   

LIM1, LIM2 and PDZ  domain conservation mapped onto the Alphafold model  of 

LIMK1 and 2 N-terminus  for 421 aligned LIMK sequences from mammals, birds, 
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fish, and insects. Dashed rectangles indicate the N-terminal binding domains LIM1, 

LIM2, and PDZ.  

 

 
Figure 3. 5. LIM2-PDZ interaction models.  

Models predict interaction mediated by the b hairpin 3 of the LIM2 domain and the 

bA strand of the PDZ domain. However, the models do not predict the interaction 

between the side chains of the amino acids used for the mutation analysis of the 

PDZ domain. In red, amino acids used for mutagenesis analysis in Chapter 2, 

E225, D221, R222, Q251, L165A (LIMK1 numbering). Top right panel shows 
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surface conservation, red surface shows mutated residues. Bottom panel shows 

predicted hydrogen bond interactions between the LIM2 and PDZ domains.  

 

 

Figure 3. 6. Purification of human LIMK2 LIM2-PDZ fragment.  

On the left, size exclusion chromatography (SEC) chromatogram from the human 

LIMK2 LIM2-PDZ fragment purification. Top right, SDS-page of SEC run, bottom 

right cartoon representation of construct boundaries.  
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Figure 3.7. The LIM2-PDZ displays a globular fold in solution.  

A. SAXS scattering profile averaged across the protein elution peak. B. Guinier 

analysis (top) and the plotted residuals between the data and fit (bottom) are 

shown. There are no systematic deviations from linearization for either sample, 

indicating high-quality data. C. Kratky analysis. D. Porod-Debye analysis, flexibility 
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is suggested as the curve fails to plateau.  E. Pair distribution functions. Curve 

suggests protein is globular.   
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Table 3.2. SAXS measurements of LIMK2 LIM2-PDZ regions of the N-
terminus. Full SAXS parameters are shown in Table 3.3.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Rg (Å) (from Guinier analysis) 19.82 ± 0.13 

Dmax (Å) (from P(R)) 80 

Volume of Correlation (Vc) MW (kDa) 20.6 

Theoretical MW (kDa) 21.4 
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Figure 3.8. 3D particle electron density reconstruction of LIMK2 LIM2-PDZ 
domain. DENSS.  

A. Grey particles represent the particle envelope, while the colored particles inform 

of the concentration of electron density within the particle envelope. B. LIMK2 

LIM2-PDZ region model superposed onto the DENSS colored envelope. LIM2 
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domain cartoon is colored cyan, PDZ is colored magenta, and linker regions are 

orange. Model includes all residues included in the experimental protein construct.  
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Figure 3.9. The LIM2-PDZ domain inhibits the kinase activity of LIMK2 C-
terminus kinase domain.   

A. Left, quantified autoradiography from radiolabel cofilin kinase activity of LIMK2 

catalytic domains with increasing concentrations of LIM2-PDZ domains, all data 

points shown (dots, n = 2). B. Data are shown as mean values (line) +/− SD (error 

bars). Cofilin alone, kinase domain alone, and LIM2-PDZ domain alone were used 

as negative controls. Lower panel shows representative autoradiography readings 

of cofilin phosphorylation for kinase assays with corresponding Coomassie 

staining. Statistical analysis was carried out using non-linear regression, dose-
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response for inhibition. Mean and error are portrayed, along with the standard 

deviation. A total of 2 replicates were analyzed using GraphPad Prism. C. 

Representative autoradiography readings of S3T cofilin phosphorylation for kinase 

assays with corresponding Coomassie staining. 
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Figure 3.10. LIMK2 FL negative strain studies reveal two different 
conformations between WT and kinase-inactive D451N.  

A. Representative micrograph of LIMK2 FL wild-type sample. Particle size is 

around 100 Å. B. Representative micrograph of LIMK2 FL kinase inactive D451N. 

Particle size is around 80 Å	. C. Class averages of LIMK2 FL wild-type sample. D. 
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Class averages of LIMK2 FL kinase inactive D451N. D. AlphaFold model of LIMK2 

FL wild type proposes a length of around 113 Å	for LIMK. Dashed red circle 

indicates the N-terminus domains, blue dashed oval indicates the kinase domain.   
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Table 3.3. SAXS sample, data collection, and data analysis, related to Figure 
3.7  

 
Organism Human 

Source E. coli 

Sequence of construct GSPKDYWGKFGEFCHGCSLLMTGPFMVAGEF
KYHPECFACMSCKVIIEDGDAYALVQHATLYCG
KCHNEVVLAPMFERLSTESVQEQLPYSVTLISM
PATTEGRRGFSVSVESASSNYATTVQVKEVNR
MHISPNNRNAIHPGDRILEINGTPVRTLRVEEVE
DAISQTSQTLQLLIEHDPVSQRLDQLRLE 

Extinction coefficient ε 
(M-1 cm-1) 

14440 

MW (kDa) 21.4 

Loading concentration 
(mg mL-1) 

11 

Injection volume (µL) 60 

Flow Rate (ml min-1) 0.35 

Solvent composition 150mM NaCl, 20mM Tris pH 8, 1mM DTT 

SAXS Data Collection Parameters 

Instrument BNL, NSLS-II, LiX Beamline, sector 16-ID 

Wavelength (Å) 0.819 

Camera length (m) 3.686 

Beam size 150 (h) x 25 (v) focused at the detector 

q-measurment range 
(Å-1) 

0.006 < q < 3.0 Å−1 

Absoute scaling 
method 

Glassy Carbon, NIST SRM 3600 

Basis for 
normalization to 
constant counts 

To transmitted intensity by beam-stop counter 

Method for monitoring 
radiation damage 

Automated frame-by-frame comparison of 
relevant regions using CORMAP358  implemented 
in BioXTAS RAW 
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Sample configuration SEC-MALS-DLS-RI-SAXS. Size separation used 
a Superdex 200 Increase 5/150 GL column (Wyatt 
Technology) and a 1260 Infinity II HPLC (Agilent 
Technologies). UV data was measured in the 
Agilent 

Exposure time (s) 0.5 

Exposure period (s) 2 

Sample temperature 
(˚C) 

22 

Software employed for SAXS data reduction 

SAXS data reduction Radial averaging; frame comparison, averaging, 
and subtraction done using BioXTAS RAW 
2.0.3350  

Basic analysis: 
Guinier, M.W., P(R) 

Guinier fit and M.W. using BioXTAS RAW, P(r) 
function using GNOM 359. RAW uses MoW and Vc 
M.W. methods50,352  

e from sequence ProtParam Tool - ExPASy 

Electron density Performed in RAW v2.1.3 according to353  

Molecular graphics CCP4mg 

Structural parameters 

Guinier Analysis 
  
I(0) (cm-1) 0.08269 

Rg (Å) 19.822 

q-range (Å-1) 0.022 to 0.068 

P(R) Analysis 

Rg (Å) 20.25 

Dmax (Å) 80 

q-range (Å-1) 0.005 - 0.04 

Porod Volume (Vp) 
MW (kDa) 

18.82 
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Volume of Correlation 
(Vc) MW (kDa) 

20.6 

DENSS Reconstructions 

Chi squared value 1.54996 

Model Rg (Å) 19.38 

Model resolution (Å) 24.35 +/- 4.55 
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Chapter 4: Overall discussion and concluding remarks 

4.1 Introduction  

The LIMK domain family of proteins are enzymes fundamental for cytoskeletal 

dynamics 237,240,307,360,361. The LIMKs phosphorylate cofilin, an essential actin 

depolymerizing factor, and mediate signal-driven changes in the depolymerization 

rate of actin filaments in the cell 189,251,307. In the past 25 years, LIMK and cofilin 

have been heavily studied since LIMK1 was discovered, but important questions 

still need to be answered regarding kinase regulation. Current literature proposes 

a model of regulation in which the N-terminus, which contains two LIM domains 

and one PDZ domain, acts as a negative regulator of the kinase domain at the C-

terminus. These domains, known to mediate protein-protein interactions, remain 

understudied in the context of LIMK autoregulation. Thus, the proposed 

mechanisms of how these domains modulate the kinase activity of LIMK have yet 

to be revealed. I hypothesize that the N-terminus of LIMK negatively regulates its 

activity via a direct "head-to-tail” interaction. The work presented in this thesis 

improves the molecular understanding of LIMK autoregulation mechanism using 

structure and conservation-directed approaches and biochemical and biophysical 

techniques.  

To better understand the autoregulation mechanism of LIMK, I designed 

two aims. For aim 1, I proposed to reveal the molecular basis for the autoinhibition 

of LIMK, and for aim 2, I proposed to understand LIMK autoregulation using 

enzymatic assays. In Chapter 2, I use biochemical and structural techniques to 
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gain a molecular-level understanding of the PDZ domain of LIMK. Specifically, I 

obtained the crystal structure of the human LIMK2 PDZ domain and mapped a 

conserved surface that, when mutated, increases the catalytic activity of LIMK1. 

These findings suggest that the PDZ domain contains a functionally important 

surface involved in autoregulation. In Chapter 3, I explore the conformation of 

another domain of the N-terminus, LIM2, and use AlphaFold prediction models of 

full-length LIMK to explore interactions between the LIM2 and PDZ domain that 

might be important for autoregulation. I use biophysical techniques to examine the 

conformation of these two domains and the overall fold of LIMK. I find that the LIM-

PDZ domain portrays a globular conformation, with a distinction of it showing a 

certain degree of flexibility in solution using SAXS. I also explore the effect of these 

domains on the activity of LIMK using in vitro kinase assays. I also find that 

negative stain electron microscopy studies of full-length LIMK in the wild type and 

kinase-inactive D451N mutant suggest 2 distinct conformations. LIMK2 FL wild-

type proteins show an extended conformation, unlike the kinase-inactive D451N 

mutant, which shows a compact “triangular” like conformation. 

The data described within this dissertation contributes towards a more 

complete understanding of LIMK autoregulation, as it describes biochemically the 

effect of the N-terminus domains in autoregulation and low-resolution information 

of the conformation of the full-length LIMK. The body of work presented, therefore, 

significantly advances our understanding of the LIMK autoregulation mechanism 

and the first report of PDZ-mediated regulatory interactions in a protein kinase.  
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Further studies are needed to delineate, at an atomic level, the direct interactions 

that the PDZ domain has on regulating LIMK.   

4.2 Discovery of a PDZ domain conserved surface involved in LIMK 

regulation of LIMK  

4.2.1 Summary of findings 

I first decided to study the PDZ domain of LIMK. I used biochemical and structural 

techniques to gain a molecular-level understanding of the PDZ domains. 

Specifically, I obtained the crystal structure of the human LIMK2 PDZ domain and 

mapped the conservation of this domain using both LIMK1 and LIMK2 sequence 

alignments. My conservation analysis allowed me to find a surface in this domain 

that is conserved from mammals to insects. I use homology- and structure-driven 

mutations to validate structure-defined and functional mechanisms of PDZ domain 

regulation.  

To test the effect of these mutations, I reconstructed the LIMK pathway in 

S. cerevisiae, as yeast does not express a LIMK homolog. Expression of human 

LIMK1 phosphorylates and inactivates endogenous cofilin; thus, I observed 

alterations in LIMK activity by measuring yeast viability. Using this assay, I 

screened for LIMK1 PDZ mutants that may be involved in kinase autoregulation. I 

successfully expressed and purified LIMK1 PDZ mutants of interest and used in 

vitro radiolabeled kinase assays to test the impact of functionally important 

mutations on kinase activity using cofilin as a substrate. This combination of 

approaches allowed me to find a highly conserved surface in the PDZ that 
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mediates regulatory interactions with the kinase domain that, when mutated, 

affects the activity of LIMK1. This study also suggests that disruption of the surface 

that mediates autoregulatory interactions between the PDZ domain and the kinase 

domain allows LIMK  activators to phosphorylate LIMK in its activation loop better 

than the wild-type counterpart as phosphorylation levels in LIMK1 full-length PDZ 

mutants are higher than in the wild-type protein. This more suitable conformation 

could allow for better activation loop access by upstream activators or be a worse 

substrate for LIMK phosphatases.  

4.2.2. Implications for further research  

This work presented in this thesis provides biochemical evidence of conserved 

surfaces involved in autoregulation; however, the mode in which this domain exerts 

autoregulation on the kinase domain has yet to be known. Understanding the 

molecular interaction between the PDZ and kinase domains at an atomic level 

would greatly benefit this study. Obtaining the crystal structure of this complex 

would show, specifically, what kind of interaction is mediated between these two 

domains.  The PDZ domain could bind directly to the kinase domain and promote 

an incompatible confirmation for activation by upstream regulators. The PDZ 

domain could do this by binding, possibly in a non-canonical manner, the catalytic 

domain. I hypothesize that this autoregulatory interaction could happen in the N-

terminal lobe of the kinase domain. Conservation analysis of the LIMK kinase 

domain shows high conservation in the N-lobe, in contrast to the C-lobe (Figure 

4.1). Moreover, autoregulatory interactions in protein kinases have been observed 
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more often in the N-lobe than the C-lobe 298,362,363. For example, members of the 

AGC kinase family, the Src kinases, Crk kinases, the Abl family, and others show 

changes in activity with the binding of interactors to the N-lobe of the kinase 

domain.  

Another beneficial experiment would be to test the phosphorylation of the 

catalytic domain by a protein kinase activator, such as PAK4, in the presence of 

PDZ  and other N-terminal domains. These experiments will allow me to observe 

if the binding of the PDZ and other N-terminal domains to the kinase domain of 

LIMK prevents or lowers LIMK activation loop phosphorylation. If a decrease in the 

activation by PAK4 phosphorylation is observed when adding LIM2-PDZ domains, 

it would imply that the autoregulation of the N-terminus to the kinase domain is 

hindering the activation by upstream regulators, possibly potentiating an inactive 

conformation. If kinase activity does not change, it would suggest a different 

autoregulation mechanism than allosteric regulation.   

4.3 The LIM2-PDZ domains are thought to behave as a module and regulate 

the activity of LIMK 

4.3.1 Summary of findings 

In Chapter 3, I use biochemical, biophysical, and activity-based assays to elucidate 

how the N-terminus domains of LIMK are responsible for autoregulatory 

interactions towards the kinase domain. I begin by directly addressing whether, in 

addition to the PDZ, other domains in the N-terminus of LIMK are responsible for 

kinase autoregulation. I titrated the N-terminus LIM2-PDZ domains into 
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radiolabeled kinase assays using active LIMK2 kinase domain to test their 

respective inhibitory activities. I discovered that a LIMK fragment that includes the 

LIM2-PDZ domains decreases the kinase activity of LIMK. Additionally, I look more 

closely into the LIM2-PDZ domain and use SEC-SAXS to study its arrangement in 

solution. SEC-SAXS data suggest these two domains form a multi-domain module 

by interacting with each other. This multidomain module might be necessary for 

LIMK autoregulation.  

4.3.2. Implications for further research  

A finding we did not expect was the possible interaction between the LIM2- PDZ 

domains. However, SEC-SAXS data can only provide low-resolution information 

on the conformational states of these domains. Therefore, the next step would be 

to obtain the crystal structure of these two domains in complex. This would benefit 

the understanding of LIM autoregulation and offer novel information on the 

possible non-canonical binding of a PDZ domain to a LIM domain. Also, studying, 

in vitro, the effect of the PDZ domain in autoregulation would allow me to 

differentiate if the effect observed in my in vitro kinase assays using the LIM2-PDZ 

constructs is an effect of the PDZ domain exerting inhibition on the kinase domain 

or if the LIM2 contributes to inhibition. Moreover, the structure of the complex 

between the LIM2-PDZ region with the kinase domain in the inactive state (D451N) 

would help improve the understanding of LIMK autoregulation.  
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4.4 Negative stain experiments suggest LIMK is regulated in cis  

4.4.1 Summary of findings 

This work also explores the arrangement of full-length LIMK. I purified human full-

length LIMK2 protein and used negative staining electron microscopy to observe 

global conformational changes between full-length wild-type protein (FL WT) vs. 

kinase dead D451N mutant. This technique allowed me to differentiate between 

intra or intermolecular conformations in full-length LIMK. Negative stain electron 

microscopy experiments suggest two different conformations, where the FL WT  

displays an elongated conformation, while the FL D451N mutant displays a more 

compact conformation. These discoveries suggest that the N-terminus domains 

are responsible for the autoregulation of LIMKs and that the mode of regulation is 

intramolecular. 

4.4.2. Implications for further research  

As crystallization experiments can be quite challenging regarding the quantity of 

protein needed and the accomplishment of protein crystallization, the full-length 

LIMK can be done through single-particle electron cryo-microscopy (cryo-EM). 

Even though LIMK has an approximate molecular weight of 72 kD, preliminary 

Cryo-EM conditions can be investigated. If processing cannot be accomplished 

due to a lack of recognizable shape features that facilitate initial image alignment 

at low resolution, adding stable tags could help achieve a bigger particle volume. 

Tags that can increase the size of the particles can be nanobodies, binding 

partners, or stable protein tags. 
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4.5 Concluding remarks  

These findings provide a foundation for studying the effect of the N-terminus LIM 

and PDZ domains in the autoregulation of LIMK. I conducted kinase studies to test 

autoregulatory interactions in LIMK in purified systems as well as in a eukaryotic 

system. This work delivers the first crystal of the human LIMK2 PDZ domain and 

an in-depth study of its fold and conservation. Mutagenesis studies of the PDZ 

domain reported here provide strong evidence for how this domain undergoes 

autoregulation. Moreover, I provide insight into the molecular arrangement of LIMK 

and provide a low-resolution understanding of its oligomeric state using SAXS. 

This work also includes low-resolution information on the conformational 

arrangement of LIMK in terms of full-length protein using negative stain electron 

microscopy. Together, these data propose the following autoregulation model: 

LIMK kinase exists in an equilibrium between “open” and “closed” conformation. 

The “open conformation” is characterized by an accessible kinase domain and an 

extended N-terminus. The “closed” conformation is portrayed by cis interactions 

between the N-terminal PDZ or LIM2-PDZ conserved surfaces and the kinase 

domain N-lobe. Changes in conformation equilibrium could be mediated by 

phosphorylation events in the Ser/Pro-rich region or the binding of protein partners 

to the N-terminus domains. When equilibrium is pushed towards a more “open” 

conformation, upstream activators can access the activation loop and 

phosphorylate Thr508/Thr505 in LIMK1 and LIMK2, respectively. LIMK, then, in 

the active state, is in the extended conformation. This mechanism could portray 
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the characteristics of autoregulation of kinase such as Abl and Akt, where binding 

domains or motifs in the same polypeptide chain keep the kinase domain in a 

conformation unsuitable for activation  (Figure 4.2). PDZ and LIM domains 

mediate this autoregulation, unlike other kinase autoregulation mechanisms. The 

mode in which this autoregulation is mediated, specifically how and where these 

N-terminal domains bind the kinase domain, remains to be elucidated.  
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4.1.Figures 

 

Figure 4. 1. Human LIMK2 mapped conservation of the kinase domain.   

Kinase domain conservation mapped onto the AlphaFold kinase domain predicted 

structure using 421 aligned LIMK sequences from mammals, birds, fish, and 

insects.  
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Figure 4.2. LIMK autoregulation model. 

 LIMK kinase exists in an equilibrium between “open” and “closed” conformation. 

The “open conformation” is characterized by an accessible kinase domain and an 

extended N-terminus. The “closed” conformation is characterized by cis 

interactions between the N-terminal LIM2-PDZ domains with the kinase domains. 

Changes. In conformation, equilibrium could be mediated by phosphorylation 

events in the Ser/Pro-rich region or binding of protein partners to the N-terminus 

domains. When equilibrium is pushed towards a more “open” conformation, 

upstream activators can access the activation loop and phosphorylate 

Thr508/Thr505 in LIMK1 and LIMK2, respectively. LIMK is in the extended 

conformation in its active state.  
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