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Abstract: Malfunction of the actin cytoskeleton is linked to numerous human diseases including
neurological disorders and cancer. LIMK1 (LIM domain kinase 1) and its paralogue LIMK2 are two
closely related kinases that control actin cytoskeleton dynamics. Consequently, they are potential
therapeutic targets for the treatment of such diseases. In the present review, we describe the LIMK
conformational space and its dependence on ligand binding. Furthermore, we explain the unique
catalytic mechanism of the kinase, shedding light on substrate recognition and how LIMK activity
is regulated. The structural features are evaluated for implications on the drug discovery process.
Finally, potential future directions for targeting LIMKs pharmacologically, also beyond just inhibiting
the kinase domain, are discussed.
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1. LIMKSs Regulate Actin Dynamics

The cellular actin cytoskeleton is a permanent construction site. Its filaments constantly
grow or shrink, form branches, or get disrupted, attach to membranes or to cargo vesicles.
Despite being highly dynamic, the filaments have to withstand mechanical forces [1]. The
balance between dynamics and stability is adjusted by accessory proteins such as actin-
depolymerizing factors (ADFs). Binding of ADFs destabilizes the filaments and leads to
severing and disassembly of the affected filament sections [2]. The ADF activity, however, is
regulated by phosphorylation (Figure 1A). When phosphorylated by LIM domain kinases
(LIMKs), the ADFs are inactive [3]. Dephosphorylation by Slingshot homolog 1 (SSH1)
restores ADF activity [4]. Like this, the LIMKs and SSH1 control the dynamics of the actin
cytoskeleton, with significant roles in physiology and disease [5]. There are two LIMKs
expressed in humans, namely LIMK1 and LIMK2, both containing a kinase domain in their
C terminus (Figure 1B). To add another layer of complexity, several LIMK splicing variants
were identified on the mRNA and protein level [6]. This review explores structural aspects
of LIMK catalytic activity and regulation and discusses how a better understanding of
LIMK features enables pharmacological targeting of the actin cytoskeleton plasticity.
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Figure 1. The LIMK conformational space. (A) LIMK1/2 and the phosphatase SSH1 control the
dynamics of the actin cytoskeleton. ADF—actin depolymerizing factor. (B) Both LIMK1 and LIMK2
contain N-terminal protein interaction modules and a C-terminal kinase domain. (C) With ATP-y-S
bound, LIMK1 adopts the canonical active-kinase conformation. The catalytic and regulatory spines
are fully formed (indicated in green). Please note the G-rich loop enclosing the co-substrate, the xC-in
conformation, the attached activation loop, and the unusual orientation of the «G helix (all indicated in
pink). PDB ID 5L6W. (D) Inhibitor binding can induce a rotated G-rich loop conformation. PDB IDs
5L6W and 5NXD. (E) The oC helix is capable of adopting both, the xC-in and the «C-out conformation.
PDB IDs 5L6W and 5NXD. (F) The DFG motif in the base of the activation loop switches between the
DFG-in and the DFG-out conformation. PDP IDs 5SL6W and 5NXD. (G) Conformational plasticity is also
observed in the activation loop, which can either be attached to the C lobe or flexible. Please note that
the flexible loop is not fully resolved in the crystal structure. PDB IDs 5HV] and 5SNXC.
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2. The Conformational Space of the LIMK Kinase Domain
2.1. Basic Features of the Kinase Fold

Similar to other protein kinases [7], the LIMK kinase domains are composed of two
lobes. The N lobe with its curved antiparallel 3 sheet is smaller than the globular C
lobe with its « helices. The ATP-binding cleft between the two lobes is surrounded by
conserved sequence motifs that are indispensable for the kinase catalytic activity: The
G-rich loop forms a lid to a potentially bound ATP molecule and shields it from the solvent
(consensus sequence GXGXXG, LIMK1 sequence GKGCFG). The VAIK motif (MVMK in
LIMKT1) contributes to forming the hydrophobic cage for the ATP adenine and contains the
lysine that links the 33 strand to the xC helix via the K368 E384 salt bridge. The catalytic
loop orients the potentially bound ATP molecule for catalysis and harbours the catalytic
aspartate that interacts with the potential phosphoacceptor residue (consensus sequence
HRDXKXXN, LIMK1 sequence HRDLNSHN). And finally, the DFG motif in the base of
the activation loop can switch between the DFG-in and the DFG-out conformation. Only
in the DFG-in conformation, the kinase is capable of binding to ATP and of catalysing the
phosphoryl transfer reaction. The LIMK kinase domain is structurally well explored [8-10].
To date, nine structure models have been deposited to the PDB (Table 1). Diverse small
molecules are bound to the LIMK active site, ranging from nucleotides to type-1 and type-3
kinase inhibitors. Accordingly, the structure models differ substantially in conformation.

Table 1. LIMK kinase domain structure models.

Protein Boundaries Ligand Ligand Type Space Group PDB ID
LIMK1 330-637 Staurosporine Type-1 Cc2221 3595 [10]
LIMK1 330-637 PF477736 Type-1 c2221 5NXC [10]
LIMK1 330-637 LIJTF500127 Type-1 Pe6122 7ATS
LIMK1 330-637 LIJTF500025 Type-3 P21 7ATU
LIMK2 330-632 Ligand 22 Type-3 P21 4TPT [8]
LIMK?2 330-632 TH300 Type-3 P21 5NXD
LIMK1 .

DAGON 329-638 AMP-PNP Nucleotide P21 5HVJ [9]
LIMK1 .

D460N 329-638 ADP Nucleotide P212121 5HVK [9]
LIMK1 330-637 ATP-y-S Nucleotide P3221 5L6W [10]

2.2. The Active LIMK Kinase Conformation

When having bound a nucleotide such as ADP or ATP-y-S, the LIMKSs adopt the
canonical active kinase conformation (Figure 1C). The ATP adenine is surrounded by a
hydrophobic cage, while the phosphates are held in position by polar LIMK residues such
as asparagine N465 and aspartate D478 (Figure 2C). The conserved salt bridge between
the VAIK lysine and the oC glutamate is formed, resulting in a firmly attached «C helix.
Furthermore, the G-rich loop serves as a lid enclosing the bound nucleotide and shielding
it from the solvent. The base of the activation loop adopts the DFG-in conformation with
the phenylalanine sidechain deeply buried in a hydrophobic pocket in the back of the
ATP-binding site and leaving the aspartate side chain exposed to interact with the ATP
phosphates. Interestingly, the LIMKs have an asparagine residue in the HRD + 2 position
instead of the canonical lysine. This potentially has an impact on the apparent K, for
ATP. Both the catalytic and regulatory spines [11] are formed, further stabilizing the active
kinase conformation (Figure 1C). Taken together, all residues are perfectly positioned for
catalysis even in the absence of activation loop phosphorylation. Notably, being looked at
from the side (Figure 2A), the LIMK kinase domains appear unusual shallow, indicating
the unique substrate recognition and catalysis mechanisms (discussed in a later section).
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2.3. Inactive LIMK Kinase Conformations

The binding of small-molecule inhibitors often distorts the kinase fold, stabilizing
inactive kinase conformations instead. All LIMK inhibitors reported to date bind to the ATP
pocket [8,10] and reshape neighbouring structure elements, mainly in the kinase N lobe.
This is particularly evident for the G-rich loop, which can appear rotated or even detached
upon inhibitor binding (Figure 1D). Several inhibitors displace the «C helix and push it
outwards [8,10]. As a consequence, the aforementioned K-E salt bridge is broken (Figure 1E).
Furthermore, the swung out «C helix gives way to the DFG flip. In the active conformation,
the DFG phenylalanine resides in a hydrophobic pocket formed by the «C and «E helices
and the catalytic loop. The DFG flip removes the phenylalanine from the back pocket and
installs it in the active site (Figure 1F). Some inhibitors occupy the empty back pocket, thus
stabilizing the LIMKs in the DFG-out conformation (type-1, type-2 and type-3 inhibitors
will be discussed in a later section). Notably, even in the absence of inhibitors, the LIMK
kinase domains can adopt both, the DFG-in and the DFG-out conformation, suggesting a
low energy barrier between both conformations [10]. We believe that the existing LIMK
kinase structure models cover most of its conformational space. Similar to other kinases, the
molecular dynamics include the rotation of the G-rich loop, the swinging out of the oC helix,
the isomerization of the DFG motif to the out conformation, the detachment of the activation
loop, and a general distortion of the N-lobal 3 sheet relative to the more rigid C lobe.

2.4. Kinase Activation by T508 Phosphorylation

A wide range of extracellular and intracellular events modulate actin cytoskeleton
plasticity. The respective signalling network is complicated, but well established [12,13].
Several signalling cascades converge at the LIMKs, making them a major integration node.
Four kinases have been described to directly regulate the LIMK activity by phosphorylation,
namely PAK1/4 [14], ROCK1 [15] and MRCK« [16]. While the physiological significance
differs between the signalling cascades, the mechanism triggered by the phosphorylation
event is identical.

The phosphorylated residue is threonine T508 within the LIMK1 activation loop (or
T505 in LIMK2, respectively) [17]. Upon phosphorylation, pT508 forms a stable salt bridge
with arginine R483, which corresponds to the DFG + 3 position (Figure 1G). The impact
of the pT-R salt bridge formation is twofold: On the one hand, the DFG motif is sterically
hindered from adopting the DFG-out conformation, and the entire N lobe is stabilized in
the active conformation. On the other hand, the activation loop is oriented to attach to the
C lobe, thus contributing to a docking interface for protein substrates (shown in yellow
in Figure 2D). As a consequence, the LIMK kinase activity is increased dramatically [10].
An interesting aspect of LIMK activation is observed with the upstream kinase PAK4,
which prefers phosphorylating its substrates at serine residues [18]. Accordingly, all
validated PAK4 substrates except for LIMK1 are phosphorylated at serine residues, and
consequently the LIMK1 variant T508S is a much better substrate for PAK4 than LIMK1 WT.
This represents an example of the physiological phosphorylation of a disfavoured kinase
substrate [18].

Importantly, LIMK activation loop phosphorylation also has an impact on inhibitor
design. The phosphorylated form of LIMK1 adopts the DFG-in conformation and is catalyt-
ically active. Type-2 and type-3 kinase inhibitors, however, bind exclusively to the DFG-out
conformation. Accordingly, these compounds tightly bind to the non-phosphorylated
(inactive) LIMKSs, but their interaction with the phosphorylated (active) LIMKSs is much
weaker. Therefore, the suitability of type-2 and type-3 kinase binders to inhibit the cellular
LIMK activity must be critically evaluated.

3. The Unusual LIMK Catalytic Mechanism
3.1. Catalytic Mechanism and Fidelity Control in Conventional Kinases

To appreciate how special the LIMK catalytic mechanism is, we need to look into
conventional kinases first [19]. They usually phosphorylate their substrate proteins in
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flexible and easily accessible loops. The phosphoacceptor loop binds to the groove between
the kinase N and C lobes. In the course of this binding event, the phosphoacceptor residue
is positioned next to the ATP v phosphate, and catalysis can occur. As an example, the
ternary complex formed by the kinase AKT2, a GSK3-derived substrate peptide and the
co-substrate analogue AMP-PNP is depicted in Figure 2B [20].

Anchor helix

Figure 2. Comparison of kinase-substrate recognition modes. (A) Profile views of the AKT2 and
LIMK kinase domains to showcase their overall appearance. (B) Snapshot of AKT2 with substrate
and co-substrate bound in the moment of catalysis. The phosphoacceptor loop is tightly attached
to the kinase, positioning the phosphoacceptor residue (serine S9) next to the ATP y phosphate.
PDB ID 106K [20]. (C) ATP interacts with the LIMK1 hinge, its adenine rings are sandwiched by
hydrophobic residues, and its phosphates are oriented by polar residues. (D) LIMK1 with substrate
and co-substrate bound, again in the moment of catalysis. The substrate protein attaches to the kinase
solely with its anchor helix—the residues flanking the phosphoacceptor residue (serine S3) do not
interact with the kinase. The arrow indicates the rocking movement that allows the phosphoacceptor
to poke into the active site. The two CFL1 orientations are taken from independent crystal structures.
Parts of CFL1 orientation 2 are omitted for clarity. PDB IDs 5HV] and 5L6W [9,10].

According to the outlined mechanism, there are three levels of substrate fidelity
control [19]. The first level involves protein interaction modules on the kinase surface.
They are located distal to the active site, either in the kinase domain, in flanking domains
or even in associated scaffolding proteins, and form docking interfaces for the substrate
protein. Binding is mediated by parts of the substrate protein that are again distal to the
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phosphoacceptor. The interaction of kinase and substrate protein orients the substrate and
brings the phosphoacceptor loop close to the phosphoacceptor loop binding groove.

The phosphoacceptor loop includes the phosphoacceptor and flanking residues (about
10 residues altogether). Its linear sequence constitutes the second level of fidelity control
because it has to match the phosphoacceptor loop binding groove to allow for the formation
of the transient kinase-substrate complex. In our example AKT?2, the arginine residues
in the -5 and -3 positions (counting from the phosphoacceptor residue) are particularly
important—they form salt bridges with the binding groove. (Figure 2B). In addition, there
are main chain interactions between the phosphoacceptor loop and the kinase activation
loop. However, most kinases recognize very diverse linear motifs, and conversely, the
identification of the particular kinase that physiologically phosphorylates a given linear
motif is challenging [21]. Nevertheless, information on preferred linear motifs often allows
excluding potential phosphoacceptors.

The third level of fidelity control bases upon the length of the phosphoacceptor side
chain. Kinases with a deeper pocket preferably phosphorylate the long tyrosine side chains,
while kinases with a shallower pocket rather phosphorylate short side chains such as serine
and threonine. This is an intrinsic feature of the conventional kinase catalytic mechanism
with the rigid positioning of ATP and the phosphoacceptor loop (Figure 2B) [22]. In the
LIMKSs, both the catalytic mechanism and the fidelity control differ substantially from
conventional kinases.

3.2. LIMK Substrate Recognition and ‘Rock-and-Poke” Mechanism

The LIMK1 kinase domain appears shallow when looked at from the side (Figure 2A).
Its G helix is shifted towards the C terminus by about 13 residues in comparison to other
kinases, giving space for the «F «G loop and the activation loop to form a docking interface
for substrates (Figure 2D). ADFs such as CFL1 bind this docking interface with their anchor
helix [9]. The CFL1 residue K112 plays a crucial role in binding as demonstrated by com-
paring CFL1 WT and CFL1 K112A as LIMK1 substrates [10]. The interaction corresponds
to what was described above as the first level of fidelity control in conventional kinases
since the LIMK1 docking interface is distal to the kinase active site, and the CFL1 anchor
helix is distal to the phosphoacceptor. However, unexpectedly, this is the only interac-
tion between the kinase and the substrate. CFL1 does not contain any phosphoacceptor
loop—the residues flanking the phosphoacceptor do not interact at all with the kinase.
The phosphoacceptor serine S3 is positioned in the very N terminus of the CFL1 protein
(methionine M1 is posttranslationally removed). As a consequence, there is no second level
of fidelity control in LIMKs.

In the available structure models of the ternary complex composed of the kinase
LIMK]1, the substrate protein CFL1 and the co-substrate analogue ATP-y-S, the CFL1 orien-
tations in the complex differ. More precisely, there is only one orientation for the anchor
helix, but the rest of CFL1 is rotated by 12° (indicated by an arrow in Figure 2D) [9,10].
Obviously, the ends of the anchor helix serve as hinges, allowing for a rocking movement
in the CFL1 protein, with the phosphoacceptor poking into the kinase active site until a
constructive orientation is achieved and catalysis occurs. This mechanism was referred to
as the ‘rock-and-poke” mechanism and is unique for the LIMKs [10].

A surprising implication of the unusual mechanism is that LIMK1 is capable of phos-
phorylating both, serine and tyrosine residues, which makes it a dual-specificity kinase,
while its activity towards threonine residues is low [10,23]. Obviously, specificity is here
not defined by the length of the side chain (as discussed above for conventional kinases),
but by steric shielding of the hydroxy group. Accordingly, the third level of fidelity control
in LIMKS is based on the accessibility of a hydroxy group in the very N terminus of the
substrate protein. A similar discrimination between serine and threonine phosphoacceptors
was observed for the kinase PAK1 [24]. Voluminous residues such as phenylalanine in
the DFG + 1 position sterically shield threonine from being phosphorylated. An equiva-
lent role of the DFG + 1 leucine in LIMK1 can be hypothesised but has not been shown
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experimentally to date. The human kinome comprises several dual-specificity kinases.
The physiological phosphorylation of threonine and tyrosine residues is a well-established
feature of kinases such as MEK6 [25]. The LIMKs phosphorylate their substrates mainly at
serine residues, but interestingly, also the cellular phosphorylation of an internal tyrosine
residue has been described [26].

The mode of CFL1 binding to actin filaments is similar to its binding to the LIMK
kinase domain [27]. Both interactions are driven by the anchor helix. A possible mechanism
of action for the cellular LIMKs is that their N-terminal LIM domains glue them to specific
actin filaments. Potentially present CFL1 then binds the LIMKSs instead of the actin filaments,
is phosphorylated and thereby inactivated. In this manner, the LIMKs might protect specific
actin filaments from disassembly.

3.3. Role of the LIM Domains and the PDZ Domain

In addition to the well-characterized kinase domain, LIMKSs contain several protein
interaction modules in their N termini (Figure 1B). LIM domains (the name is an acronym
from the proteins LIN-11, Isl-1 and MEC-3) are stabilized by zinc ions and frequently
occur as tandems or in even higher numbers [28]. Several LIM domains interact with the
actin cytoskeleton. Examples of this canonical interaction are the LIM domain-containing
proteins paxillin and zyxin [29]. Even though direct experimental evidence is lacking, it
has been hypothesized that the LIM domains anchor the LIMKs to the actin cytoskeleton.
Other potential binders of the LIMK LIM domains include PARD3 [30] and NR4A2 [31].
Notably, the structure of the second LIM domain of LIMK2 has been elucidated by NMR
(PDBID 1X6A).

PDZ domains (the name is derived from the proteins PSD95, Dlgl and zo-1) are
globular protein interaction modules that bind to short linear motifs in the C terminus of
their protein ligands [32,33]. PDZ domains are known to bring together dynamic signalling
complexes as described for PICK1 [34] and PSD-95 [35]. The LIMK PDZ domains might be
involved in similar processes. Specifically, NF1 [36] and nischarin [37] were described to be
cellular interaction partners of the LIMK PDZ domains. The structure of the PDZ domain
from mouse LIMK2 has been solved by NMR (PDB ID 2YUB). In addition to a potential
role in defining the subcellular localization and in complex formation, the N-terminal
protein interaction modules may also regulate the activity of the C-terminal kinase domain.
In other kinases, such N-terminal domains act as intramolecular inhibitors as described
for PAK1 [38], or they recruit specific protein substrates as observed for ULK3 [39,40].
At first glance, the long unstructured linker between the PDZ and kinase domains in
the LIMKSs (about 70 residues) rather indicates that the N and C termini do not interact
physically. However, there are reports demonstrating this interaction [41]. Furthermore,
the N-terminal LIM domains were suggested to inhibit the kinase domain [42,43]. An
additional mechanism to control LIMK activity is to phosphorylate the PDZ-kinase linker
as shown in cell-culture experiments for MAPKAPK2 [44] and Aurora A [45]. Early work
has also pointed to HSP90 as a regulator of LIMK dimerization, stability and activity [46].
This list is by no means complete. A plethora of LIMK substrates, interactors and activators
have been published during the past 25 years. To identify the most significant physiological
LIMK pathways, also resolved in terms of cell type and developmental stage, the inhibitors
introduced in the next paragraphs might be useful.

4. Pharmacological Targeting of LIMKSs
4.1. LIMKs Are Involved in Human Disease

In line with its fundamental role in regulating actin dynamics [3], changes in LIMK sig-
nalling were frequently linked to human pathology. Recent examples include amyotrophic
lateral sclerosis [47], fragile-X mental retardation syndrome [48], neurofibromatosis type
2 [49], colorectal cancer progression [50] and castration-resistant prostate cancer [51] (a
critical target evaluation is not in the scope of this review). The suggested disease rationales
differ in terms of cause and signalling pathway. Interestingly, however, they all involve
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hyperactive LIMKSs, indicating that patients will potentially benefit from the inhibition
of LIMK kinase activity. From the pharmacology perspective, this is good news since it
is technically more feasible to develop kinase inhibitors than kinase activators. Indeed,
several inhibitors have been developed to date. In the last sections of the review, general
aspects of LIMK inhibitor development are discussed.

4.2. LIMK Inhibitors Binding to the Active Site

It is common practice to target kinases with small molecules that bind to the active
site. To date, 71 of such molecules have been approved as drugs by the FDA, mainly for the
treatment of cancer and inflammatory disorders [52]. According to their exact position in
the cleft between the kinase N and C lobes, the ligands can be classified as type-1, type-2
or type-3 inhibitors (Table 2). Notably, extended naming schemes with more detailed
differentiation of inhibitor binding modes have been suggested [53]. Interestingly, the
LIMKSs have been targeted by inhibitors of all three main binding types, reflecting the LIMK
conformational plasticity discussed above [8,10,54]. In addition to the front pocket next
to the hinge region and the hydrophobic back pocket, several elements from the LIMK
active site can contribute to inhibitor binding, most prominently the G-rich loop backbone,
the VAIK motif lysine, the gatekeeper threonine, the HRD motif histidine and the DFG
motif aspartate. This is by no means unusual for a kinase. Nevertheless, good selectivity
within the kinome was achieved for the LIMK inhibitors LIMKi3 [54] and Ligand 22 [8].
The binding modes of several inhibitors are compared in Figure 3.

Table 2. Classification of LIMK active-site inhibitors.

Ligand Tvoe Hinge Back Pocket Example Kinome
8 M Interaction Occupation Inhibitor Selectivity
Type-1 + - LIMKi3 [54] High
Type-2 + + Rebastinib [10] Low
Type-3 - + Ligand 22 [8] High

Phosphorylation of the threonine residue T508 in the activation loop locks LIMK1 in
the active DFG-in state [10]. This state is preferably bound by type-1 inhibitors, while type-2
and type-3 inhibitors exclusively bind to the inactive DFG-out state. As a consequence, the
affinities of type-2 and type-3 inhibitors to phosphorylated LIMK1 are dramatically reduced
in comparison to the non-phosphorylated protein. On top of this, type-3 inhibitor binding to
non-phosphorylated LIMK1 has no effect on LIMK1 phosphorylation by upstream kinases
such as PAK1 (unpublished observations). Depending on the biological setting, type-2
and type-3 inhibitors can be employed to target the non-phosphorylated LIMKs. In any
case, the phosphorylation-state specificity needs to be considered when evaluating LIMK
inhibitors in a cellular environment.

4.3. Inhibitors Interfering with Substrate Recognition

The rational targeting of kinase domains via binding pockets different from the active
site is challenging and requires a profound understanding of the particular catalytic mecha-
nism [52]. Examples of such inhibitors that bind the kinase domain and remodel its protein
interaction network are the allosteric MEK1 inhibitors trametinib and cobimetinib [55]. In
principle, the LIMKs are ideal targets for the development of allosteric inhibitors since their
catalytic mechanism is understood in detail. The CFL1 anchor helix can serve as a template
for the design of inhibitory peptides. As a proof-of-concept experiment, these peptides can
be probed in a LIMK1 activity assay using CFL1 as a substrate. However, with potent and
selective competitive inhibitors already in place, it needs to be carefully evaluated whether
this is a worthwhile endeavour.



Cells 2022, 11, 142

9o0f12

A LIMK1:LUTF500127

B LIMK2:TH300 (same binding mode as Ligand 22)

Typ-1 binder - DSF 9.3 K - several kinase off-targets Typ-3 binder - DSF 8.7 K - good selectivity profile

C LIMK1:PF477736
Typ-1 binder - DSF 11 K - IC50 4.4 nM - several kinase off-targets Typ-1 binder - DSF 5.1 K - IC50 430 nM - poor selectivity profile
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Figure 3. Inhibitors bound to LIMKs. (A) The type-1 binder LIJTF500127 spans from the hinge to a
pocket between the 35 strand and the DFG motif. PDB ID 7ATS. (B) The type-3 binder TH300 mainly
exhibits hydrophobic interactions with kinase elements surrounding the back pocket. PDB ID 5NXD.
(C) PF477736 occupies the front pocket only but interacts with charged residues from the 33 strand
and the DFG motif. PDB ID 5NXC. (D) The pan-kinase inhibitor staurosporine binds due to its disc
shape and its hinge interactions. PDB ID 3595. The G-rich loops are omitted for clarity reasons.

4.4. PROTAC:S to Induce LIMK Degradation

While active-site inhibitors solely decrease the catalytic activity of the target kinase,
PROTAC S lead to ubiquitination and degradation of the protein in a cellular environment.
When applied to LIMKSs, both strategies are expected to have different physiological impacts
since the LIMKs with their modular architecture may also act as scaffolds. An assessment
of several promiscuous PROTACs demonstrated that the PROTAC strategy is suitable for
the LIMKs—they were even classified as ‘highly degradable targets’ [56]. Another less
kinase-centred approach is to target the LIMK PDZ domain with PROTACs. However,
developing selective PDZ warheads is expected to be challenging [57].

4.5. Outlook—Isoform-Specific LIMK Inhibitors

The LIMK1 and LIMK2 kinase domains share high sequence similarity (71% identical).
In the active site and the substrate docking interface there are barely any differences. More
variety is found in the back of the C lobe (37 38 loop, «E and «I helices), a functionally
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unexplored part of the LIMKs. Despite the conserved active site, LIMK1 and LIMK2
differ slightly in substrate specificity [58], and several ATP-competitive inhibitors were
identified that bind to LIMK1, but not to LIMK2 [10], indicating that it is indeed possible to
develop isoform-specific LIMK inhibitors. An alternative approach to achieve selectivity
is to develop covalent inhibitors. LIMK1 contains a cysteine in the G-rich loop (sequence
GKGCEFG), while LIMK2 has not (sequence GKGFFG). It can be regarded as a proof-of-
concept finding that a cysteine in exactly the same position was targeted successfully in the
FGFRs and in SRC [59].

Due to their involvement in the same cellular pathway and their overlapping substrate
specificity, differences in the physiological roles of both LIMKSs are not entirely resolved.
Clues come from their tissue expression profiles. While LIMK1 is mainly expressed in the
human brain, LIMK2 is widely expressed in all tissues (taken from The Human Protein
Atlas). Accordingly, potential adverse effects from LIMK1 inhibition include abnormal
synaptic function [60-62], impaired platelet activation [63] and reduced osteoblast num-
ber [64]. LIMK2 inhibition, however, was reported to impair spermatogenesis [65] and
platelet function [66]. This highlights the need for isoform-specific LIMK inhibitors to
validate the individual LIMKs as therapeutic targets and, in the next phase, to develop
therapeutics with the lowest possible risk of severe adverse effects.

Author Contributions: All authors contributed to the conception and writing of the review. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful for support by the SGC, a registered charity (no.
1097737) that receives funds from AbbVie, BayerAG, Boehringer Ingelheim, the Canada Foundation
for Innovation, Eshelman Institute for Innovation, Genentech, Genome Canada through Ontario
Genomics Institute [OGI-196], EU/EFPIA /OICR/McGill/KTH/Diamond, Innovative Medicines
Initiative 2 Joint Undertaking [EUbOPEN grant 875510], Janssen, Merck KGaA, Merck & Co, Pfizer
and Takeda. S.K. is also grateful for support by the German translational cancer network (DKTK) as
well as the Frankfurt Cancer Institute (FCI).

Conflicts of Interest: There are no conflict of interest to declare.

References

1. Blanchoin, L.; Boujemaa-Paterski, R.; Sykes, C.; Plastino, J. Actin dynamics, architecture, and mechanics in cell motility. Physiol.
Rev. 2014, 94, 235-263. [CrossRef]

2. Kanellos, G.; Frame, M.C. Cellular functions of the ADF/ cofilin family at a glance. J. Cell Sci. 2016, 129, 3211-3218. [CrossRef]

3. Yang, N.; Higuchi, O.; Ohashi, K.; Nagata, K.; Wada, A.; Kangawa, K.; Nishida, E.; Mizuno, K. Cofilin phosphorylation by
LIM-kinase 1 and its role in Rac-mediated actin reorganization. Nature 1998, 393, 809-812. [CrossRef]

4. Niwa, R;; Nagata-Ohashi, K.; Takeichi, M.; Mizuno, K.; Uemura, T. Control of actin reorganization by Slingshot, a family of
phosphatases that dephosphorylate ADF/ cofilin. Cell 2002, 108, 233-246. [CrossRef]

5. Ben Zablah, Y,; Zhang, H.; Gugustea, R ; Jia, Z. LIM-Kinases in Synaptic Plasticity, Memory, and Brain Diseases. Cells 2021, 10,
2079. [CrossRef] [PubMed]

6. Vallée, B.; Cuberos, H.; Doudeau, M.; Godin, F.; Gosset, D.; Vourc’h, P.; Andres, C.R.; Bénédetti, H. LIMK2-1, a new isoform of
human LIMK2, regulates actin cytoskeleton remodeling via a different signaling pathway than that of its two homologs, LIMK2a
and LIMK2b. Biochem. |. 2018, 475, 3745-3761. [CrossRef] [PubMed]

7. McClendon, C.L.; Kornev, A.P,; Gilson, M.K,; Taylor, S.S. Dynamic architecture of a protein kinase. Proc. Natl. Acad. Sci. USA
2014, 111, E4623-E4631. [CrossRef] [PubMed]

8.  Goodwin, N.C,; Cianchetta, G.; Burgoon, H.A.; Healy, ].; Mabon, R.; Strobel, E.D.; Allen, J.; Wang, S.; Hamman, B.D.; Rawlins,
D.B. Discovery of a Type III Inhibitor of LIM Kinase 2 That Binds in a DFG-Out Conformation. ACS Med. Chem. Lett. 2015, 6,
53-57. [CrossRef]

9.  Hamill, S.; Lou, H.J.; Turk, B.E.; Boggon, T.]. Structural Basis for Noncanonical Substrate Recognition of Cofilin/ADF Proteins by
LIM Kinases. Mol. Cell 2016, 62, 397-408. [CrossRef] [PubMed]

10. Salah, E.; Chatterjee, D.; Beltrami, A.; Tumber, A.; Preuss, F.; Canning, P.; Chaikuad, A.; Knaus, P.; Knapp, S.; Bullock, A.N.; et al.
Lessons from LIMK1 enzymology and their impact on inhibitor design. Biochem. J. 2019, 476, 3197-3209. [CrossRef] [PubMed]

11.  Kornev, A.P; Taylor, S.S. Dynamics-Driven Allostery in Protein Kinases. Trends Biochem. Sci. 2015, 40, 628-647. [CrossRef]

12.  Bernard, O. Lim kinases, regulators of actin dynamics. Int. J. Biochem. Cell Biol. 2007, 39, 1071-1076. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00018.2013
http://doi.org/10.1242/jcs.187849
http://doi.org/10.1038/31735
http://doi.org/10.1016/S0092-8674(01)00638-9
http://doi.org/10.3390/cells10082079
http://www.ncbi.nlm.nih.gov/pubmed/34440848
http://doi.org/10.1042/BCJ20170961
http://www.ncbi.nlm.nih.gov/pubmed/30373762
http://doi.org/10.1073/pnas.1418402111
http://www.ncbi.nlm.nih.gov/pubmed/25319261
http://doi.org/10.1021/ml500242y
http://doi.org/10.1016/j.molcel.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27153537
http://doi.org/10.1042/BCJ20190517
http://www.ncbi.nlm.nih.gov/pubmed/31652302
http://doi.org/10.1016/j.tibs.2015.09.002
http://doi.org/10.1016/j.biocel.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/17188549

Cells 2022, 11, 142 11 0f12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Scott, R.W.; Olson, M.E. LIM kinases: Function, regulation and association with human disease. J. Mol. Med. 2007, 85, 555-568.
[CrossRef] [PubMed]

Edwards, D.C.; Sanders, L.C.; Bokoch, G.M.; Gill, G.N. Activation of LIM-kinase by Pakl couples Rac/Cdc42 GTPase signalling
to actin cytoskeletal dynamics. Nat. Cell Biol. 1999, 1, 253-259. [CrossRef]

Maekawa, M.; Ishizaki, T.; Boku, S.; Watanabe, N.; Fujita, A.; Iwamatsu, A.; Obinata, T.; Ohashi, K.; Mizuno, K.; Narumiya,
S. Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM-kinase. Science 1999, 285, 895-898.
[CrossRef] [PubMed]

Sumi, T.; Matsumoto, K.; Shibuya, A.; Nakamura, T. Activation of LIM kinases by myotonic dystrophy kinase-related Cdc42-
binding kinase alpha. J. Biol. Chem. 2001, 276, 23092-23096. [CrossRef]

Ohashi, K.; Nagata, K.; Maekawa, M.; Ishizaki, T.; Narumiya, S.; Mizuno, K. Rho-associated kinase ROCK activates LIM-kinase 1
by phosphorylation at threonine 508 within the activation loop. J. Biol. Chem. 2000, 275, 3577-3582. [CrossRef] [PubMed]
Chetty, A K,; Sexton, ]J.A.; Ha, B.H.; Turk, B.E.; Boggon, T.]. Recognition of physiological phosphorylation sites by p21-activated
kinase 4. J. Struct. Biol. 2020, 211, 107553. [CrossRef]

Miller, C.J.; Turk, B.E. Homing in: Mechanisms of Substrate Targeting by Protein Kinases. Trends Biochem. Sci. 2018, 43, 380-394.
[CrossRef]

Yang, ].; Cron, P.; Good, V.M.; Thompson, V.; Hemmings, B.A.; Barford, D. Crystal structure of an activated Akt/protein kinase B
ternary complex with GSK3-peptide and AMP-PNP. Nat. Struct. Biol. 2002, 9, 940-944. [CrossRef]

Miller, M.L.; Jensen, L.J.; Diella, E; Jorgensen, C.; Tinti, M.; Li, L.; Hsiung, M.; Parker, S.A.; Bordeaux, J.; Sicheritz-Ponten, T.; et al.
Linear motif atlas for phosphorylation-dependent signaling. Sci. Signal. 2008, 1, ra2. [CrossRef]

Bradley, D.; Beltrao, P. Evolution of protein kinase substrate recognition at the active site. PLoS Biol. 2019, 17, e3000341. [CrossRef]
Proschel, C.; Blouin, M.J.; Gutowski, N.J.; Ludwig, R.; Noble, M. Limk1 is predominantly expressed in neural tissues and
phosphorylates serine, threonine and tyrosine residues in vitro. Oncogene 1995, 11, 1271-1281. [PubMed]

Chen, C.; Ha, B.H,; Thévenin, A.F; Lou, H.]J.; Zhang, R.; Yip, K.Y,; Peterson, J.R.; Gerstein, M.; Kim, PM.; Filippakopoulos, P;
et al. Identification of a major determinant for serine-threonine kinase phosphoacceptor specificity. Mol. Cell 2014, 53, 140-147.
[CrossRef] [PubMed]

Humphreys, ].M.; Piala, A.T.; Akella, R.; He, H.; Goldsmith, E.J. Precisely ordered phosphorylation reactions in the p38 mitogen-
activated protein (MAP) kinase cascade. J. Biol. Chem. 2013, 288, 23322-23330. [CrossRef] [PubMed]

Lagoutte, E.; Villeneuve, C.; Lafanechere, L.; Wells, C.M.; Jones, G.E.; Chavrier, P.; Rossé, C. LIMK Regulates Tumor-Cell Invasion
and Matrix Degradation Through Tyrosine Phosphorylation of MT1-MMP. Sci. Rep. 2016, 6, 24925. [CrossRef] [PubMed]
Huehn, A.R.; Bibeau, J.P.; Schramm, A.C.; Cao, W.; de La Cruz, E.M.; Sindelar, C.V. Structures of cofilin-induced structural
changes reveal local and asymmetric perturbations of actin filaments. Proc. Natl. Acad. Sci. USA 2020, 117, 1478-1484. [CrossRef]
Anderson, C.A.; Kovar, D.R.; Gardel, M.L.; Winkelman, ].D. LIM domain proteins in cell mechanobiology. Cytoskeleton 2021, 78,
303-311. [CrossRef]

Sun, X.; Phua, D.Y.Z.; Axiotakis, L.; Smith, M.A.; Blankman, E.; Gong, R.; Cail, R.C.; Espinosa de Los Reyes, S.; Beckerle, M.C;
Waterman, C.M.; et al. Mechanosensing through Direct Binding of Tensed F-Actin by LIM Domains. Dev. Cell 2020, 55, 468-482.€7.
[CrossRef]

Chen, X.; Macara, I.G. Par-3 mediates the inhibition of LIM kinase 2 to regulate cofilin phosphorylation and tight junction
assembly. J. Cell Biol. 2006, 172, 671-678. [CrossRef]

Sacchetti, P; Carpentier, R.; Ségard, P.; Olivé-Cren, C.; Lefebvre, P. Multiple signaling pathways regulate the transcriptional
activity of the orphan nuclear receptor NURR1. Nucleic Acids Res. 2006, 34, 5515-5527. [CrossRef]

Lee, H.-].; Zheng, ].J. PDZ domains and their binding partners: Structure, specificity, and modification. Cell Commun. Signal. CCS
2010, 8, 8. [CrossRef] [PubMed]

Amacher, ].E; Brooks, L.; Hampton, T.H.; Madden, D.R. Specificity in PDZ-peptide interaction networks: Computational analysis
and review. J. Struct. Biol. X 2020, 4, 100022. [CrossRef] [PubMed]

Erlendsson, S.; Thorsen, T.S.; Vauquelin, G.; Ammendrup-Johnsen, I.; Wirth, V.; Martinez, K.L.; Teilum, K.; Gether, U.; Madsen,
K.L. Mechanisms of PDZ domain scaffold assembly illuminated by use of supported cell membrane sheets. eLife 2019, 8, e39180.
[CrossRef]

Rademacher, N.; Kuropka, B.; Kunde, S.-A.; Wahl, M.C.; Freund, C.; Shoichet, S.A. Intramolecular domain dynamics regulate
synaptic MAGUK protein interactions. eLife 2019, 8, e41299. [CrossRef]

Vallée, B.; Doudeau, M.; Godin, F.; Gombault, A.; Tchalikian, A.; de Tauzia, M.-L.; Bénédetti, H. Nfl RasGAP inhibition of LIMK2
mediates a new cross-talk between Ras and Rho pathways. PLoS ONE 2012, 7, e47283. [CrossRef] [PubMed]

Ding, Y.; Milosavljevic, T.; Alahari, S.K. Nischarin inhibits LIM kinase to regulate cofilin phosphorylation and cell invasion. Mol.
Cell. Biol. 2008, 28, 3742-3756. [CrossRef] [PubMed]

Sorrell, EJ.; Kilian, L.M.; Elkins, ].M. Solution structures and biophysical analysis of full-length group A PAKs reveal they are
monomeric and auto-inhibited in cis. Biochem. J. 2019, 476, 1037-1051. [CrossRef] [PubMed]

Caballe, A.; Wenzel, D.M.; Agromayor, M.; Alam, S.L.; Skalicky, J.J.; Kloc, M.; Carlton, J.G.; Labrador, L.; Sundquist, W.L;
Martin-Serrano, ]. ULK3 regulates cytokinetic abscission by phosphorylating ESCRT-III proteins. eLife 2015, 4, e06547. [CrossRef]
Mathea, S.; Salah, E.; Tallant, C.; Chatterjee, D.; Berger, B.-T.; Konietzny, R.; Miiller, S.; Kessler, B.M.; Knapp, S. Conformational
plasticity of the ULK3 kinase domain. Biochem. ]. 2021, 478, 2811-2823. [CrossRef]


http://doi.org/10.1007/s00109-007-0165-6
http://www.ncbi.nlm.nih.gov/pubmed/17294230
http://doi.org/10.1038/12963
http://doi.org/10.1126/science.285.5429.895
http://www.ncbi.nlm.nih.gov/pubmed/10436159
http://doi.org/10.1074/jbc.C100196200
http://doi.org/10.1074/jbc.275.5.3577
http://www.ncbi.nlm.nih.gov/pubmed/10652353
http://doi.org/10.1016/j.jsb.2020.107553
http://doi.org/10.1016/j.tibs.2018.02.009
http://doi.org/10.1038/nsb870
http://doi.org/10.1126/scisignal.1159433
http://doi.org/10.1371/journal.pbio.3000341
http://www.ncbi.nlm.nih.gov/pubmed/7478547
http://doi.org/10.1016/j.molcel.2013.11.013
http://www.ncbi.nlm.nih.gov/pubmed/24374310
http://doi.org/10.1074/jbc.M113.462101
http://www.ncbi.nlm.nih.gov/pubmed/23744074
http://doi.org/10.1038/srep24925
http://www.ncbi.nlm.nih.gov/pubmed/27116935
http://doi.org/10.1073/pnas.1915987117
http://doi.org/10.1002/cm.21677
http://doi.org/10.1016/j.devcel.2020.09.022
http://doi.org/10.1083/jcb.200510061
http://doi.org/10.1093/nar/gkl712
http://doi.org/10.1186/1478-811X-8-8
http://www.ncbi.nlm.nih.gov/pubmed/20509869
http://doi.org/10.1016/j.yjsbx.2020.100022
http://www.ncbi.nlm.nih.gov/pubmed/32289118
http://doi.org/10.7554/eLife.39180
http://doi.org/10.7554/eLife.41299
http://doi.org/10.1371/journal.pone.0047283
http://www.ncbi.nlm.nih.gov/pubmed/23082153
http://doi.org/10.1128/MCB.01832-07
http://www.ncbi.nlm.nih.gov/pubmed/18332102
http://doi.org/10.1042/BCJ20180867
http://www.ncbi.nlm.nih.gov/pubmed/30858169
http://doi.org/10.7554/eLife.06547
http://doi.org/10.1042/BCJ20210257

Cells 2022, 11, 142 12 0of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hiraoka, J.; Okano, I.; Higuchi, O.; Yang, N.; Mizuno, K. Self-association of LIM-kinase 1 mediated by the interaction between an
N-terminal LIM domain and a C-terminal kinase domain. FEBS Lett. 1996, 399, 117-121. [CrossRef]

Edwards, D.C.; Gill, G.N. Structural features of LIM kinase that control effects on the actin cytoskeleton. J. Biol. Chem. 1999, 274,
11352-11361. [CrossRef]

Nagata, K.; Ohashi, K.; Yang, N.; Mizuno, K. The N-terminal LIM domain negatively regulates the kinase activity of LIM-kinase 1.
Biochem. ]. 1999, 343 Pt 1,99-105. [CrossRef]

Kobayashi, M.; Nishita, M.; Mishima, T.; Ohashi, K.; Mizuno, K. MAPKAPK-2-mediated LIM-kinase activation is critical for
VEGF-induced actin remodeling and cell migration. EMBO J. 2006, 25, 713-726. [CrossRef]

Ritchey, L.; Ottman, R.; Roumanos, M.; Chakrabarti, R. A functional cooperativity between Aurora A kinase and LIM kinasel:
Implication in the mitotic process. Cell Cycle (Georget. Tex.) 2012, 11, 296-309. [CrossRef]

Li, R,; Soosairajah, J.; Harari, D.; Citri, A.; Price, J.; Ng, H.L.; Morton, C.J.; Parker, M.W.; Yarden, Y.; Bernard, O. Hsp90 increases
LIM kinase activity by promoting its homo-dimerization. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2006, 20, 1218-1220.
[CrossRef] [PubMed]

Sivadasan, R.; Hornburg, D.; Drepper, C.; Frank, N.; Jablonka, S.; Hansel, A.; Lojewski, X.; Sterneckert, J.; Hermann, A.; Shaw, P]J.;
et al. C9ORF?72 interaction with cofilin modulates actin dynamics in motor neurons. Nat. Neurosci. 2016, 19, 1610-1618. [CrossRef]
Kashima, R.; Roy, S.; Ascano, M.; Martinez-Cerdeno, V.; Ariza-Torres, J.; Kim, S.; Louie, J.; Lu, Y.; Leyton, P.; Bloch, K.D; et al.
Augmented noncanonical BMP type II receptor signaling mediates the synaptic abnormality of fragile X syndrome. Sci. Signal.
2016, 9, ra58. [CrossRef]

Petrilli, A.; Copik, A.; Posadas, M.; Chang, L.-S.; Welling, D.B.; Giovannini, M.; Fernandez-Valle, C. LIM domain kinases as
potential therapeutic targets for neurofibromatosis type 2. Oncogene 2014, 33, 3571-3582. [CrossRef] [PubMed]
Sousa-Squiavinato, A.C.M.; Vasconcelos, R.I; Gehren, A.S.; Fernandes, P.V.; de Oliveira, .M.; Boroni, M.; Morgado-Diaz, ].A.
Cofilin-1, LIMK1 and SSH1 are differentially expressed in locally advanced colorectal cancer and according to consensus molecular
subtypes. Cancer Cell Int. 2021, 21, 69. [CrossRef]

Nikhil, K.; Chang, L.; Viccaro, K.; Jacobsen, M.; McGuire, C.; Satapathy, S.R.; Tandiary, M.; Broman, M.M.; Cresswell, G.; He,
Y.].; et al. Identification of LIMK2 as a therapeutic target in castration resistant prostate cancer. Cancer Lett. 2019, 448, 182-196.
[CrossRef]

Attwood, M.M.; Fabbro, D.; Sokolov, A.V.; Knapp, S.; Schitth, H.B. Trends in kinase drug discovery: Targets, indications and
inhibitor design. Nat. Rev. Drug Discov. 2021, 20, 839-861. [CrossRef] [PubMed]

Kanev, G.K; de Graaf, C.; Westerman, B.A.; de Esch, 1.].P; Kooistra, A.J. KLIFS: An overhaul after the first 5 years of supporting
kinase research. Nucleic Acids Res. 2021, 49, D562-D569. [CrossRef] [PubMed]

Ross-Macdonald, P; de Silva, H.; Guo, Q.; Xiao, H.; Hung, C.-Y.; Penhallow, B.; Markwalder, J.; He, L.; Attar, RM.; Lin, T,;
et al. Identification of a nonkinase target mediating cytotoxicity of novel kinase inhibitors. Mol. Cancer Ther. 2008, 7, 3490-3498.
[CrossRef] [PubMed]

Khan, Z.M.; Real, A.M.; Marsiglia, W.M.; Chow, A.; Duffy, M.E.; Yerabolu, ].R.; Scopton, A.P.; Dar, A.C. Structural basis for the
action of the drug trametinib at KSR-bound MEK. Nature 2020, 588, 509-514. [CrossRef]

Donovan, K.A ; Ferguson, EM.; Bushman, ].W,; Eleuteri, N.A.; Bhunia, D.; Ryu, S.; Tan, L.; Shi, K.; Yue, H; Liu, X,; et al. Mapping
the Degradable Kinome Provides a Resource for Expedited Degrader Development. Cell 2020, 183, 1714-1731.e10. [CrossRef]
Christensen, N.R; Calyéeva, J.; Fernandes, E.FA,; Liichow, S.; Clemmensen, L.S.; Haugaard-Kedstrom, L.M.; Stremgaard, K. PDZ
Domains as Drug Targets. Adv. Ther. 2019, 2, 1800143. [CrossRef] [PubMed]

Amano, T,; Tanabe, K.; Eto, T.; Narumiya, S.; Mizuno, K. LIM-kinase 2 induces formation of stress fibres, focal adhesions and
membrane blebs, dependent on its activation by Rho-associated kinase-catalysed phosphorylation at threonine-505. Biochem. J.
2001, 354, 149-159. [CrossRef]

Chaikuad, A.; Koch, P; Laufer, S.A.; Knapp, S. The Cysteinome of Protein Kinases as a Target in Drug Development. Angewandte
Chemie (Int. Ed. Engl.) 2018, 57, 4372-4385.

Meng, Y.; Takahashi, H.; Meng, J.; Zhang, Y.; Lu, G.; Asrar, S.; Nakamura, T.; Jia, Z. Regulation of ADF/cofilin phosphorylation
and synaptic function by LIM-kinase. Neuropharmacology 2004, 47, 746-754. [CrossRef]

Todorovski, Z.; Asrar, S.; Liu, J.; Saw, N.M.N.; Joshi, K.; Cortez, M.A; Snead, O.C.; Xie, W.; Jia, Z. LIMKI regulates long-term
memory and synaptic plasticity via the transcriptional factor CREB. Mol. Cell. Biol. 2015, 35, 1316-1328. [CrossRef] [PubMed]
Meng, Y.; Zhang, Y.; Tregoubov, V.; Janus, C.; Cruz, L.; Jackson, M.; Lu, W.Y.,; MacDonald, J.F; Wang, J.Y.; Falls, D.L.; et al.
Abnormal spine morphology and enhanced LTP in LIMK-1 knockout mice. Neuron 2002, 35, 121-133. [CrossRef]

Estevez, B.; Stojanovic-Terpo, A.; Delaney, M.K.; O'Brien, K.A.; Berndt, M.C.; Ruan, C.; Du, X. LIM kinase-1 selectively promotes
glycoprotein Ib-IX-mediated TXA2 synthesis, platelet activation, and thrombosis. Blood 2013, 121, 4586—4594. [CrossRef] [PubMed]
Kawano, T.; Zhu, M,; Troiano, N.; Horowitz, M.; Bian, J.; Gundberg, C.; Kolodziejczak, K.; Insogna, K. LIM kinase 1 deficient mice
have reduced bone mass. Bone 2013, 52, 70-82. [CrossRef]

Takahashi, H.; Koshimizu, U.; Miyazaki, J.; Nakamura, T. Impaired spermatogenic ability of testicular germ cells in mice deficient
in the LIM-kinase 2 gene. Dev. Biol. 2002, 241, 259-272. [CrossRef]

Antonipillai, J.; Mittelstaedt, K.; Rigby, S.; Bassler, N.; Bernard, O. LIM kinase 2 (LIMK2) may play an essential role in platelet
function. Exp. Cell Res. 2020, 388, 111822. [CrossRef]


http://doi.org/10.1016/S0014-5793(96)01303-8
http://doi.org/10.1074/jbc.274.16.11352
http://doi.org/10.1042/bj3430099
http://doi.org/10.1038/sj.emboj.7600973
http://doi.org/10.4161/cc.11.2.18734
http://doi.org/10.1096/fj.05-5258fje
http://www.ncbi.nlm.nih.gov/pubmed/16641196
http://doi.org/10.1038/nn.4407
http://doi.org/10.1126/scisignal.aaf6060
http://doi.org/10.1038/onc.2013.320
http://www.ncbi.nlm.nih.gov/pubmed/23934191
http://doi.org/10.1186/s12935-021-01770-w
http://doi.org/10.1016/j.canlet.2019.01.035
http://doi.org/10.1038/s41573-021-00252-y
http://www.ncbi.nlm.nih.gov/pubmed/34354255
http://doi.org/10.1093/nar/gkaa895
http://www.ncbi.nlm.nih.gov/pubmed/33084889
http://doi.org/10.1158/1535-7163.MCT-08-0826
http://www.ncbi.nlm.nih.gov/pubmed/19001433
http://doi.org/10.1038/s41586-020-2760-4
http://doi.org/10.1016/j.cell.2020.10.038
http://doi.org/10.1002/adtp.201800143
http://www.ncbi.nlm.nih.gov/pubmed/32313833
http://doi.org/10.1042/bj3540149
http://doi.org/10.1016/j.neuropharm.2004.06.030
http://doi.org/10.1128/MCB.01263-14
http://www.ncbi.nlm.nih.gov/pubmed/25645926
http://doi.org/10.1016/S0896-6273(02)00758-4
http://doi.org/10.1182/blood-2012-12-470765
http://www.ncbi.nlm.nih.gov/pubmed/23620575
http://doi.org/10.1016/j.bone.2012.09.024
http://doi.org/10.1006/dbio.2001.0512
http://doi.org/10.1016/j.yexcr.2020.111822

	LIMKs Regulate Actin Dynamics 
	The Conformational Space of the LIMK Kinase Domain 
	Basic Features of the Kinase Fold 
	The Active LIMK Kinase Conformation 
	Inactive LIMK Kinase Conformations 
	Kinase Activation by T508 Phosphorylation 

	The Unusual LIMK Catalytic Mechanism 
	Catalytic Mechanism and Fidelity Control in Conventional Kinases 
	LIMK Substrate Recognition and ‘Rock-and-Poke’ Mechanism 
	Role of the LIM Domains and the PDZ Domain 

	Pharmacological Targeting of LIMKs 
	LIMKs Are Involved in Human Disease 
	LIMK Inhibitors Binding to the Active Site 
	Inhibitors Interfering with Substrate Recognition 
	PROTACs to Induce LIMK Degradation 
	Outlook—Isoform-Specific LIMK Inhibitors 

	References

