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ABSTRACT
The Rho-associated coiled-coil containing kinases (ROCK) were first identified as effectors of the
small GTPase RhoA, hence their nomenclature. Since their discovery, two decades ago, scientists
have sought to unravel the structure, regulation, and function of these essential kinases. During that
time, a consensus model has formed, in which ROCK activity is regulated via both Rho-dependent
and independent mechanisms. However, recent findings have raised significant questions
regarding this model. In their recent publication in Nature Communications, Truebestein and
colleagues present the structure of a full-length Rho kinase for the first time. In contrast to previous
reports, the authors could find no evidence for autoinhibition, RhoA binding, or regulation of kinase
activity by phosphorylation. Instead, they propose that ROCK functions as a molecular ruler, in
which the central coiled-coil bridges the membrane-binding regulatory domains to the kinase
domains at a fixed distance from the plasma membrane. Here, we explore the consequences of the
new findings, re-examine old data in the context of this model, and emphasize outstanding
questions in the field.
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Introduction

There are two mammalian Rho kinases, ROCK1 and
ROCK2, first identified in screens for interacting proteins
of the small GTPase, RhoA.1-3 Genetic studies have
shown both genes to be essential; knockouts of ROCK1
or ROCK2 are often either embryonic or post-embryonic
lethal,4-6 while a recent study revealed the requirement
for at least ROCK1 or ROCK2 in permitting cell division
and tumor progression in mice.7 In cells, over-expression
of kinase-dead ROCK1 or ROCK2 leads to cytoskeletal
defects including stress fiber loss,8,9 while application of
the ROCK inhibitor Y-27632 or depletion of ROCK1 or
ROCK2 leads to a reduction in regulatory myosin light
chain (RMLC) phosphorylation.10,11

ROCK1 and ROCK2 comprise N-terminal AGC
kinase domains, a central coiled-coil of approximately
700 amino acids, and a C-terminal split-PH domain,
into which is spliced a zinc-finger cysteine-rich
domain (CRD), also referred to as a C1 domain
(Fig. 1). Structural analyses of the kinase domain, and
those of the closely related myotonic dystrophy-related
Cdc42-binding kinases (MRCK) and dystrophia myo-
tonica protein kinase (DMPK), have revealed that the
kinase domain forms a head-to-head dimer mediated
by the N-terminal 70 amino acid capped helix bundle

(CHB) domain in conjunction with the C-terminal tail
of the kinase.12-15 The activation loop, often the site of
a regulatory phosphorylation event in eukaryotic pro-
tein kinases, exhibits an ordered conformation in the
absence of phosphorylation; robust in vitro activity
suggests that these kinases may function independently
of activation loop phosphorylation.12-15 Biochemical
analyses have confirmed that the C-terminal tail and
the CHB are both essential for activity.8,12,13 Structural
analysis of the regulatory domains reveals them to be
classical PH and C1 domains, together forming a unit
that binds preferentially to membranes containing
acidic phospholipids.16

The PH and C1 domains have been implicated in the
regulation of kinase activity, primarily on the basis of
three observations: the regulatory portion of ROCK2 was
observed to directly inhibit kinase activity in vitro;17

overexpression of the regulatory domains in cells phe-
nocopied over-expression of kinase-dead ROCK, result-
ing in the loss of stress fibers;8,9 proteolytic cleavage
between the coiled-coil and regulatory domains of
ROCK1 and ROCK2 by caspase-3 and granzyme B
respectively, was observed to enhance ROCK activity
and, concomitantly, RMLC phosphorylation in vivo and
in vitro.18-20
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Early studies revealed that RhoA binds to a portion of
the coiled-coil, defined as the Rho-binding domain
(RBD), of ROCK1 in a GTP-dependent manner.1,8,21 A
subsequent crystal structure of RhoA bound to a frag-
ment of the coiled-coil of ROCK1 showed a heterotetra-
meric arrangement in which two molecules of RhoA
bound in a symmetric fashion to either side of the
coiled-coil.22 The RBD was shown to inhibit activity of
the catalytic domain of ROCK in vitro and interfere with
Rho signaling in vivo.23

These observations and others have led to a model
for ROCK activation in cells in which the regulatory
domains are displaced from inhibitory interactions
with the kinase domain by a combination of mem-
brane binding and RhoA binding (Fig. 1). However,
structural and biochemical studies of a full-length
ROCK have, until now, not been able to confirm or
refute this model. Many of the early studies relied on
a bottom-up approach, attempting to understand
ROCK function by breaking the protein down into its
parts and examining the properties of each part. As is
often the case with such studies, the pieces of the jig-
saw do not always correspond to the real picture, and
should be treated with caution. Significantly, the
molecular basis for autoinhibition has, to date, not
been demonstrated; the reported influence of RhoA
on ROCK activity is very modest (1-2 fold);2,3,24-26

and the structure of the ROCK-RhoA complex raises

questions over how it interacts with membranes. Here
we take a closer look at these issues in the context of
recent structural, biochemical, and cell biological data
obtained on full-length human ROCK2.

ROCK – a molecular ruler

In their recent publication, Truebestein et al. challenge the
existing model of ROCK regulation.27 The structure of
full-length human ROCK2, which the authors determined
by electron microscopy of rotary shadowed specimens,
reveals it to be an extended dimer, 120 nm in length.
Combining structural, biochemical, and cell biological
tools, the authors make the case that ROCK2 is not auto-
inhibited, is not bound or activated by RhoA, and that its
activity is not regulated by canonical mechanisms of AGC
kinase phosphorylation. Instead, the authors claim that
ROCK exhibits constitutive activity, which is regulated
in vivo by the length of the coiled-coil (107 nm) that joins
the kinase domain to the regulatory domains. Remarkably,
the length, but not the sequence, of this coiled-coil has
been conserved throughout 650 million years of evolution.
The authors show that truncation of the coiled-coil, while
not compromising activity, results in the loss of actin
stress fibers in cells. Finally, they propose a new model in
which substrate phosphorylation in the cell is controlled
by the length of the coiled-coil of ROCK, restricting

Figure 1. A historical model of ROCK regulation. ROCK is maintained in an inactive state in the cytosol by autoinhibitory interactions
between the carboxy terminal regulatory Rho-binding (RBD), PH and C1 domains. A combination of membrane binding by the PH and
C1 domains and the binding of activated, GTP-bound RhoA to the RBD relieves autoinhibiton of the kinase domain and promotes
downstream substrate phosphorylation. A second mechanism of activation occurs during apoptosis, in which the kinase domains of
ROCK are liberated by proteolytic cleavage of the regulatory PH and C1 domains. The split PH-C1 module has been shown to bind
phosphoinositide-containing membranes in vitro.
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activity to a fixed distance from the plasma membrane
(Fig. 2). The authors propose that it is not strictly neces-
sary to maintain a kinase in an inactive state in the
absence of its substrates. By spatially and temporally regu-
lating the positioning of kinase and substrate in the cell, it
should be possible to restrict activity to a specific location
and, conversely, insulate the rest of the cell from such
activity. Put another way, the kinase can only transfer
phosphate to a substrate when presented with it. The
model has implications for the flux and fidelity of sub-
strate phosphorylation, much akin to the scaffolding of
enzymes (and substrates) in the MAPK cascade28 or to
the signaling at discrete cellular loci regulated by A-kinase
anchoring proteins (AKAPs), a family of scaffold
proteins.29

While the model proposed by Truebestein and col-
leagues suggests that the coiled-coil of ROCK is oriented
perpendicular to the plasma membrane, it should be
noted that the region joining the coiled-coil to the regu-
latory domains is intrinsically flexible and could there-
fore allow the pivoting of the coiled-coil. This hinge
motion may in fact be necessary to accommodate con-
formational changes in the cytoskeleton that arise from
actomyosin contraction. As such, the possibility that
ROCK could phosphorylate substrates in an arc defined
by the length of its tether should be considered.

Constitutive competency

The structure of ROCK2 has a number of important conse-
quences. With a 107 nm coiled-coil separating kinase and
regulatory domains, it is difficult to imagine how the regula-
tory domains could exert an influence on kinase activity.
Indeed, Truebestein et al. show that truncation of the
coiled-coil or deletion of the coiled-coil and regulatory
domains has no effect on activity in vitro. In the context of
these findings, it is also worth pointing out that the evidence
for a direct influence of the regulatory domains on kinase
activity is inconsistent. While Amano et al. showed that
titrating small amounts of a construct containing the RBD
into a kinase reaction could specifically inhibit native Rho
kinase in the presence of RhoA, it had no effect on the iso-
lated, recombinant catalytic domain.23 In a later study, only
a single regulatory domain construct of six tested showed a
capacity to inhibit catalytic activity of the isolated kinase
domain. In the single construct reported to specifically
inhibit activity, the authors also introduced a double point
mutation into the RBD.17 The inhibition of the kinase
domain by a regulatory domain construct mutated in its
RBD is counter to the proposed involvement of the RBD in
autoinhibition. On the basis of the proposed autoinhibition
by the regulatory domains, a structural study of a fragment
of the coiled-coil sought to rationalize their interaction with

the kinase domain by proposing that a discontinuity in the
coiled-coil could act as a molecular hinge, thereby allowing
the regulatory domains to approach the kinase domain.30

However, while this is an attractive hypothesis, the authors
did not present any biochemical evidence to substantiate
this claim.

RhoA – effect(or) not?

The publication of the crystal structure of RhoA in com-
plex with a fragment of the coiled-coil of ROCK1
appeared to provide a neat explanation for the direct
interaction of these two proteins. The previously delin-
eated RBD,1,8,21 conserved in sequence, bound to RhoA
in a stoichiometric manner, with switch I and II regions
contacted by the two helices of the ROCK1 coiled-coil.
However, the authors did not provide evidence for the
existence of the complex in solution or validate the inter-
face by site directed mutagenesis. While the authors
claim to have isolated the complex by size exclusion
chromatography, which would imply a sub-micromolar
binding constant, Truebestein et al. found that the two
proteins co-elute at the size of their respective masses.
More significantly, neither the RBD of ROCK1 nor
ROCK2 could be observed to interact with RhoA in solu-
tion, even when presented at high concentrations in a
fluorescence polarization assay. These observations ques-
tion whether the RhoA-ROCK1 crystal structure is actu-
ally an artifact of high protein concentrations and the
global free energy minimum of lattice formation.31

Indeed, computational analysis of the RhoA:ROCK1
interface indicates that, while the coiled-coil is predicted
to be a stable assembly, the interaction with RhoA is
especially weak (complexation significance scores (CSS)
of 0.08 and 0.10 for the interaction of RhoA with the two
helices of the coiled-coil respectively; as a reference, the
CSS score for the intermolecular coiled-coil interaction
is 1.00).32

Notwithstanding the question marks surrounding the
structure of the ROCK-RhoA complex, a second issue
arises from the structure of full-length ROCK2. A notable
consequence of the structure is the location of the RBD.
The RBD is positioned 90 nm distal to the kinase domains
but, more significantly, 17 nm proximal to the mem-
brane-binding regulatory domains. By docking the crystal
structure of the complex between RhoA and a fragment
of the coiled-coil22 to the high-resolution model of full-
length ROCK2 presented by Truebestein et al.27 the puta-
tive RhoA-ROCK complex can be visualized (Fig. 3A–B).
The problem is immediately evident: how to reconcile the
binding of ROCK to a membrane via its regulatory
domains with the simultaneous anchoring in the mem-
brane of geranylgeranylated RhoA? If ROCK is arranged
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such that its coiled-coil is perpendicular to the plane of
the membrane, RhoA is located too far from the mem-
brane for its C-terminal lipid anchor to reach (Fig. 3C–
D); if ROCK is arranged such that its coiled-coil is parallel
to the plane of the membrane, the C-termini of RhoA
project in opposite directions (Fig. 3E). While, in theory,
it would be possible to anchor one molecule of RhoA in
the membrane in this topology, the lipid anchor of the
second molecule would be presented to the cytosol. The
solution to this problem is therefore also apparent: ROCK
must surely undergo a conformational change upon
RhoA binding. And herein lies the problem: neither
ROCK1 nor ROCK2 could be shown to bind directly to
RhoA.27 Not surprisingly, RhoA also exerts no activating
effect on ROCK activity in vitro.27

What, then, is the evidence for the direct interaction of
ROCK with RhoA? Using GST-RhoA bound to GTPgS as

a probe, either in protein overlay assays or bound to a col-
umn as an affinity matrix, early studies aimed at identify-
ing novel RhoA effector proteins.1-3 In the case of
ROCK2, screening of a cDNA expression library in one
study purported to identify the RBD,1 which, in a parallel
study, was also localized to the coiled-coil.3 Using RhoA
loaded with GDP, GTPgS, or an effector domain mutant
of RhoA, RhoAT37A, these studies demonstrated that the
identified proteins bound RhoA in a GTP-dependent
manner and that RhoA modestly (1.5-2 fold) stimulated
kinase activity in vitro. Later studies identified a homolog
of Rho kinase in Drosophila, named Drok, which also
bound a constitutively active form of RhoA, RhoAG14V, as
shown by yeast two hybrid analysis33 or GST-RhoA pull-
down assay.34 In the latter study, the effector domain
mutation, RhoAT37A, abolished the interaction. However,
the literature is, again, inconsistent. Identification of the

Figure 2. The molecular ruler model of ROCK function. ROCK2 is an extended homodimer, 120 nm in length in which the kinase and
regulatory domains are separated by 107 nm of parallel, semi-rigid coiled-coil. The kinase domains exist in a constitutively competent
conformation mediated by the capped helix bundle (CHB) dimerization domain and an ordered, active conformation activation loop in
the absence of phosphorylation. The regulatory domains exert no influence on catalytic activity. RhoA does not bind directly to either
ROCK1 or ROCK2 in solution. The coiled-coil of ROCK is highly divergent in sequence, but remarkably conserved in length. Truncations
in the coiled-coil, while retaining activity, cause the loss of actin stress fibers in cells, indicating the functional significance of its length.
As such, the coiled-coil of ROCK bridges the kinase domains to a fixed distance from the plasma membrane. Scaffold proteins, such as
Shroom, may bind to the coiled-coil of ROCK, stabilizing the orientation of the coiled-coil and perhaps restricting the positioning of the
kinase domains. This leads to a model in which the phosphorylation of substrates by ROCK is governed by the spatial positioning of
both kinase and substrate in the actin cytoskeleton. Proteolytic cleavage during apoptosis presumably liberates the active kinase
domains, leading to delocalized activity, unregulated actomyosin contraction, and cell fragmentation.
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RBD by protein overlay assay and yeast two hybrid analy-
sis yielded a minimal interaction domain between resi-
dues 934 and 1015 of ROCK1.21 However, two constructs
containing the region of interaction later identified in the
crystal structure do not interact in either assay. While
Truebestein et al. could obtain a weak interaction with a
construct containing the RBD by yeast two hybrid, the
interaction was lost upon reversal of the fusion partners.
Neither full-length ROCK1 nor ROCK2 showed any
interaction with RhoA in the same assay.27 In a separate
study, site directed mutagenesis of the RBD identified
three mutants that abrogated the interaction with RhoA,8

though two of the three do not correspond to surfaces of
interaction with RhoA in the subsequently reported crys-
tal structure.22 In a study of cytoskeletal signaling path-
ways involving RhoA, Sahai et al. explored the binding
properties of RhoA effector loop mutants, again using
GST pull-down assays and yeast two hybrid analysis.35

However, the data supporting RhoA interactions with
ROCK1, PKN, and the diaphanous homolog mDia2 are
also partially inconsistent with the crystal structures of
ROCK1-RBD:RhoA,22 PKN:RhoA,36 and mDia1:Cdc4237

respectively. For example, mutation of F39 to alanine
appears to abrogate the interaction with both PKN and

Figure 3. Membrane binding by the ROCK:RhoA complex – a topological problem. (A) Schematic illustrating the primary domain com-
position and structure of ROCK. (B) Structural model of ROCK2 bound to RhoA. A model of ROCK2 was constructed by combining the
high-resolution structures of the kinase and regulatory domains (PDB IDs: 2F2U, 2ROV, 2ROW) together with a modeled parallel coiled-
coil, 107 nm in length. The complex of ROCK1:RhoA was docked onto the coiled-coil at a position corresponding to the location of the
RBD in the primary sequence using the region of canonical coiled-coil in the structure (PDB ID: 1S1C) to which RhoA was observed to
bind. In this model, RhoA binds to the coiled-coil at a position 90 nm distal to the kinase domains and 17 nm proximal to the mem-
brane-binding domains. (C) RhoA is anchored in the membrane by a geranylgeranyl (C20) lipid anchor covalently attached to its C-termi-
nus. (D) Docking the complex to a membrane such that the coiled-coil of ROCK is oriented perpendicular to the plane of the membrane
results in the lipid anchors of RhoA being too far from the membrane. (E) Docking the complex to a membrane such that the coiled-coil
of ROCK is parallel to the plane of the membrane results in the C-termini of RhoA (cyan) projecting in opposite directions. In this topol-
ogy, only one molecule of RhoA would be capable of inserting its lipid anchor in the membrane.
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ROCK1, but it does not affect the interaction with mDia2.
While F39 is found in the interface between RhoA and
the coiled-coil of ROCK1, it does not participate in any
direct interactions in complex with PKN, while its coun-
terpart in Cdc42 binds in a hydrophobic pocket on
mDia1.

Remarkably, until now, not a single solution binding
experiment between RhoA and either ROCK1 or
ROCK2 has been reported in the literature. Using inhibi-
tion of nucleotide dissociation as a proxy for effector
domain binding, the affinity of RhoA for the RBD of
ROCK1 was derived to be 130 nM,38 a value that would
imply stable complex formation in solution. If this value
is to be believed, it is unclear as to why Truebestein et al.
failed to recapitulate the interaction in any of their
experiments.

In conclusion, while there appears to be abundant evi-
dence for the interaction of RhoA with both ROCK1 and
ROCK2, the lack of quantitation of these interactions is
notable. Given recent findings, it is questionable whether
a direct interaction of measurable affinity actually exists.
Coupled to the topological issues presented by the hypo-
thetical RhoA:ROCK complex, we are faced with the
very real question of whether in fact the Rho kinases
directly interact with RhoA. On the other hand, it is
impossible to ignore the numerous studies that have
reported phenotypic similarities between RhoA and
ROCK perturbation.39-46 One should, therefore, be cau-
tious in discounting a role for RhoA in ROCK-mediated
cytoskeletal regulation.

Location, location, location

Truebestein et al.27 propose that the coiled-coil of ROCK
functions as a molecular ruler, restricting kinase activity
to a fixed distance from the plasma membrane. The
model raises a number of questions, not least those
related to how ROCK is localized or positioned in the
cell. Early studies on ROCK2 reported a predominantly
cytosolic distribution.1,3 Overexpression of a constitu-
tively active RhoA, locked in its GTP-bound state,
resulted in the localization of ROCK2 to the plasma
membrane, coincident with the distribution of activated
RhoA,1 though a separate study found that activated
RhoA did not promote the translocation of ROCK2 to
specific sites.3 More recent studies have revealed ROCK2
accumulation at the cleavage furrow, implying a role in
formation of the contractile ring during cytokinesis.47

However, the lack of RhoA binding in solution chal-
lenges those studies that have proposed that activated
RhoA translocates ROCK to the membrane by binding
to its coiled-coil. If RhoA is not responsible for ROCK
localization, what is?

A comparative study of ROCK1 and ROCK2 activity
against myosin II indicated a different specificity of the
PH domains for phosphoinositides and reported a mod-
est enhancement of ROCK2 kinase activity (1-2 fold) by
both PIP2 and PIP3.

10 A subsequent structural study of
the regulatory PH and C1 domains concluded that the
PH-C1 supramodule binds preferentially to membranes
containing 30-phosphoinositides, and therefore may act
as a PIP3 sensor. Mutation of positively charged residues
on the surface of the domain reduced binding to phos-
phoinositide-containing liposomes in vitro.16 However,
comparison of the structure with canonical PIP3-binding
PH domains, such as those of Akt48 or Btk,49 indicates
that none of the residues required for phosphoinositide
binding are conserved in either ROCK1 or ROCK2 and a
global study of PH domains failed to detect any basal or
stimulated translocation to the plasma membrane of the
PH domain of ROCK1 in NIH3T3 cells.50 It is perhaps
worth noting, in the context of the liposome binding
data, that the regulatory domains of ROCK2 have an iso-
electric point of 9.4 and the protein exhibits a tendency
to bind liposomes of increasing negative charge density,
suggesting that, at least in these in vitro experiments, the
binding may be driven by non-specific electrostatics.

The C1 domain is an atypical C1 domain, in so far as it
does not bind the lipid second messenger diacylglycerol,
but like many atypical C1 domains, the identity of the
ligand to which it binds is still a mystery. Though the PH-
C1 module of ROCK can be shown to bind membranes of
varying lipid composition in vitro, it remains to be deter-
mined to which ligands and in which membranes both
the C1 and PH domains bind. Given the spatial restriction
of ROCK activity implied by the molecular ruler model,
the identification of precisely what these domains bind to
in the cell is of paramount importance.

Finally, the structure of ROCK2 has profound impli-
cations simply from the length of its coiled-coil. At
120 nm, ROCK is approximately half of the diameter of
a mycoplasm (0.15–0.3 mm) in length. What is the sig-
nificance of its length? Truebestein et al. propose that it
corresponds to a distance from the plasma membrane at
which substrates of ROCK, such as RMLC and myosin
phosphatase-targeting subunit 1 (MYPT1), are expected
to be found in the actin cortex. However, the actin cortex
is not a uniform layer at 120 nm,51,52 and questions
remain about what, precisely, the coiled-coil is bridging.
While the sequence of the coiled-coil is divergent, it also
remains to be seen whether the mechanical properties of
the coiled-coil are important, and whether small seg-
ments of surface conservation along the coiled-coil are
important for the binding of scaffold proteins.

A prominent scaffold protein, Shroom, essential for
formation of the neural tube, gut, and eye in vertebrates,53
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localizes ROCK to apical cell junctions by binding to a
region of the coiled-coil.54-56 In addition to binding
ROCK, Shroom also contains an actin-binding domain,
thereby linking ROCK directly to the actin cytoskeleton
(Fig. 2). Scaffold proteins, such as Shroom, may serve to
orient the coiled-coil of ROCK, thereby positioning the
kinase domain more precisely with respect to its sub-
strates. In the same vein, the positioning of kinase and
substrate with respect to each other may also be a function
of cytoskeletal tension, which has the capacity to regulate
the spatial positioning of substrates such as RMLC and
MYPT1. The local organization of signaling hubs to drive
physiological processes is now widely recognized as a
means to guide the flow of molecular information.29,57

Encoding substrate selectivity in the face
of constitutive catalytic competence

How can a constitutively competent enzyme ensure ade-
quate substrate selectivity in the cell? In the interests of
promoting robust, switch-like signaling behavior, kinase-
substrate interactions are intrinsically weak. It therefore
follows that local concentration effects will play a signifi-
cant role in determining kinase signaling. In the case of
ROCK, a further avidity effect may arise from the homo-
dimeric arrangement of its kinase domains, which
implies the phosphorylation of dimeric substrates. This
is likely the consequence of the fixed orientation of the
kinase domains with respect to each other,12,13 though
we cannot exclude the possibility that they might also act
independently. Enzymatic studies with full-length mono-
meric and dimeric substrates are likely to provide the
answer to this question. For dimeric substrates, efficient
phosphorylation may not only be regulated by the com-
bined affinities of the monomeric substrates, but by their
precise spatial arrangement. It is notable that the most
well characterized substrates of ROCK, RMLC and
MYPT1, are both dimeric in cells. While RMLC is mono-
meric by itself in solution, in the cell it forms a constitu-
tive complex with myosin II in which the two copies of
RMLC are closely associated and related by a pseudo-2-
fold rotation. In a recent cryo-electron microscopy study
of myosin II, the phosphorylation sites on each of the
RMLC monomers appear on the same face of the com-
plex at an approximate distance of 60 A

�
,58 while docking

of a crystal structure of the RMLC-myosin complex sug-
gests this distance may be as much as 74 A

�
.59 Given the

intermolecular spacing of substrate phospho-acceptor
residues of 65 A

�
implied by the structure of the dimeric

ROCK kinase,12,13 it is tempting to speculate that ROCK
may recognize a particular arrangement of RMLC in the
context of myosin II and that phosphorylation of both
chains is necessary for the coordinated regulation of

myosin function. However, it is not clear how ROCK
could access the two copies of RMLC in the presence of
the myosin stalk, which projects outwards from the same
face of the complex as the N-termini of RMLC. Further-
more, it remains to be unambiguously demonstrated that
RMLC is in fact a direct substrate for ROCK in vivo.

MYPT1 targets protein phosphatase 1 (PP1) to myosin
where it acts to dampen actomyosin contractility by
removing the activating phosphates from RMLC. In addi-
tion to structuring the PP1 catalytic subunit for efficient
dephosphorylation of RMLC,60 MYPT1 contains two
inhibitory phosphorylation sites at T696 and T866 that
have been shown to be ROCK substrates.61,62 Phosphoryla-
tion by ROCK, particularly at T696, enhances actomyosin
contraction by inhibiting myosin phosphatase.63 A lack of
structural information for autoinhibited MYPT1 prohibits
a detailed picture of how phosphorylation promotes PP1
inhibition, but the mechanism is thought to be competitive
binding to the phosphatase active site.64 MYPT1 contains
a leucine zipper in its C-terminus, which mediates its
dimerization,65 thereby mirroring the oligomeric states of
both ROCK and RMLC.However, the precise arrangement
of the phosphorylation sites in MYPT1 is not known,
therefore it is not possible to comment on their interaction
with ROCK beyond noting thatMYPT1 is itself dimeric.

While RMLC and MYPT1 are dimeric in nature, a
well-characterized monomeric substrate of ROCK1 is
Rnd3/RhoE. RhoE is an unconventional small GTPase
that inhibits RhoA-induced stress fiber formation
through currently unknownmechanisms. RhoE is a direct
substrate of ROCK1, but not ROCK2,66 which phosphor-
ylates it on multiple sites in its N- and C-termini, increas-
ing RhoE stability and promoting its cytosolic re-
localization.67 While effector domain mutations in RhoE
attenuate the capacity of RhoE to disassemble stress fibers
in vivo, mutations in the region interacting with ROCK1
have no effect.68 The phosphorylation of RhoE by
ROCK1 is therefore a transient event that most likely
occurs in the context of freely available, cytosolic RhoE.

Apoptosis – activation or de-regulation?

During apoptosis, the contraction of actomyosin provides
the force for cell shrinking and eventual fragmentation.
ROCK1 and ROCK2 encode proteolytic cleavage sites for
the apoptotic proteases caspase-3 and granzyme B respec-
tively, either side of a short conserved sequence of
unknown function in the linker between the coiled-coil
and the PH domain. In two independent studies, cleavage
of ROCK1 by caspase-3 was shown to promote Rho-inde-
pendent membrane blebbing and RMLC phosphoryla-
tion,18,20 despite the fact that proteolytic cleavage of the
regulatory domains would not, in fact, separate the RBD
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from the kinase domain. Immunoprecipitated ROCK1
truncated at the caspase-3 cleavage site showed signifi-
cantly enhanced activity against histone H1, presumed to
be due to the relief of autoinhibition by removal of the
regulatory domains.18 In contrast to wild type ROCK1,
cells expressing truncated ROCK1 exhibited thick, and
often stellate, actin stress fibers similar to cells expressing
the catalytic domain alone (often referred to as constitu-
tively active ROCK).8,9,23 In the second study, RMLC
phosphorylation was observed to increase concomitantly
with ROCK1 cleavage, and could be blocked with the
ROCK inhibitor Y-27632, suggesting that ROCK1 had
been activated during apoptosis.20 ROCK2 has since been
shown to also participate in membrane blebbing and apo-
ptosis following cleavage by granzyme B. Release of
cleaved ROCK2 also enhanced MLC phosphorylation
that could be inhibited by Y-27632.19

How can we reconcile these observations with those of
Truebestein et al.? In purified, recombinant ROCK2, the
regulatory domains are separated from the kinase
domains by 107 nm of semi-rigid coiled-coil. Deletion of
the regulatory domains has no effect on kinase activity in
vitro. Could it be that activation of ROCK during apopto-
sis is not due to the enhancement of intrinsic catalytic
activity, but rather due to the de-localization of the
enzyme? In other words, could release of the catalytic
domains induce actomyosin contraction and cell shrink-
age by permitting unregulated RMLC phosphorylation at
other sites in the cell? While the findings of Truebestein
et al. would appear to support this hypothesis, the
enhanced activity of immunoprecipitated ROCK in vitro
rather implies the direct activation of ROCK itself. Future
studies will therefore be needed to clarify the situation.

Regulation by phosphorylation

While many eukaryotic protein kinases are regulated by
activation loop phosphorylation, the lack of regulation at
this site in ROCK is unambiguous. Consistent with an
active conformation of the activation loop in the absence
of phosphorylation,12,13 Truebestein et al. show that muta-
tion of the canonical phosphoacceptor residue in ROCK2
to either alanine or a glutamate phosphomimetic has no
effect on activity in vitro or the formation of stress fibers
in vivo.27 Similarly, while many of the growth factor-stimu-
lated AGC kinases are activated by phosphorylation of a
hydrophobic motif in their C-terminal tail, ROCK and the
related kinases MRCK and DMPK appear not to be.12-15 In
fact, replacement of the canonical phospho-acceptor threo-
nine of the hydrophobic motif of ROCK2 with a phospho-
mimetic residue inhibited dimerization and resulted in a
loss of activity,69 consistent with the loss of activity
observed when the C-terminal tail is deleted.26

What about other sites of regulation? While early
studies of ROCK2 found that it was capable of autophos-
phorylation in vitro2,3,9 and a recent proteomic study
identified phosphorylation sites in the C-terminus,70 no
study has found evidence of kinase activation in vitro. In
contrast, there is some evidence to suggest that phos-
phorylation of the C-terminus of ROCK1 may regulate
its subcellular localization.71 While future studies may
yet identify further sites of phosphorylation, it should be
noted that the C-terminus of ancestral ROCK proteins is
highly divergent; any regulatory sites are therefore likely
to be species- or isoform-specific adaptations rather than
fundamental properties of all ROCK proteins.

Conclusions and future directions

Having derived their name from their interaction with
RhoA, the Rho-associated coiled-coil kinases have largely
been studied within the framework of Rho signaling ever
since their discovery 20 years ago. While the absence of
evidence is not evidence of absence, the lack of a measur-
able interaction between these two proteins in vitro is
alarming, especially in the context of a crystal structure
that purports to describe the intermolecular complex.
Further studies will be required to reconcile the identifica-
tion of ROCK as a direct RhoA effector with the failure of
Truebestein et al to recapitulate the interaction with puri-
fied proteins in solution. Given the clear role of RhoA in
cytoskeletal remodeling, the identification of the missing
link between RhoA and ROCKwill be essential.

The concept of a molecular ruler in regulating kinase
activity at a fixed distance is elegant, but raises significant
questions about precisely where and how ROCK is local-
ized in the cell. Our understanding of ROCK function
would therefore be aided enormously by the identifica-
tion of the ligands to which its regulatory domains bind
and their distribution within cellular membranes. Enzy-
matic studies would additionally address the activity of
ROCK toward dimeric versus monomeric substrates.
While the new work on the ROCK2 holoenzyme still
leaves many questions unanswered, it challenges our
existing hypotheses and assumptions about ROCK struc-
ture, function, and regulation.
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