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MICAL-Family Proteins:
Complex Regulators of the Actin Cytoskeleton
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Abstract

Significance: The molecules interacting with CasL (MICAL) family members participate in a multitude of
activities, including axonal growth cone repulsion, membrane trafficking, apoptosis, and bristle development in
flies. An interesting feature of MICAL proteins is the presence of an N-terminal flavo-mono-oxygenase domain.
This mono-oxygenase domain generates redox potential with which MICALs can either oxidize proteins or
produce reactive oxygen species (ROS). Actin is one such protein that is affected by MICAL function, leading to
dramatic cytoskeletal rearrangements. This review describes the MICAL-family members, and discusses their
mechanisms of actin-binding and regulation of actin cytoskeleton organization. Recent Advances: Recent studies
show that MICALs directly induce oxidation of actin molecules, leading to actin depolymerization. ROS pro-
duction by MICALs also causes oxidation of collapsin response mediator protein-2, a microtubule assembly
promoter, which subsequently undergoes phosphorylation. Critical Issues: MICAL proteins oxidize proteins
through two mechanisms: either directly by oxidizing methionine residues or indirectly via the production of
ROS. It remains unclear whether MICAL proteins employ both mechanisms or whether the activity of MICAL-
family proteins might vary with different substrates. Future Directions: The identification of additional sub-
strates oxidized by MICAL will shed new light on MICAL protein function. Additional directions include
expanding studies toward the MICAL-like homologs that lack flavin adenine dinucleotide domains and oxi-
dation activity. Antioxid. Redox Signal. 20, 2059–2073.

Introduction

The dynamics of actin cytoskeleton rearrangement
are crucial for a range of cellular processes, including

membrane trafficking, maintenance of cell shape, cell loco-
motion, and cytokinesis (59). Actin cytoskeleton dynamics are
extremely complex and highly regulated by various actin-
binding proteins that control the nucleation, elongation,
capping, severing, and crosslinking of actin filaments as well
as the sequestration of actin monomers (9, 75). For example,
fascin and profilin family members promote actin nucleation
(6), whereas actin depolymerizing factor/cofilin family
members catalyze the disassembly of actin filaments (53).
Actin branching and nucleation are promoted by Arp2/3
complex proteins (58), while filament severing is mediated by
proteins such as cofilin (53). Filament capping is mediated by
specific capping proteins such as CapZ (7). Gelsolin, on the

other hand, performs both filament capping and severing (53).
Several proteins catalyze the crosslinking of actin filaments,
leading to gelation (filamin) and bundling (fimbrin, a-actinin)
of actin filaments (44). Proteins such as profilin and thymo-
sin bind and inhibit the spontaneous nucleation of actin
monomers (77).

As expected from the intense regulation of actin cytoskel-
eton dynamics, the formation of highly specialized cytoskel-
etal networks such as filopodia, lamellipodia, stress fibers,
and focal adhesions requires the coordinated action of various
actin regulatory proteins (40). In addition to some of the key
actin-binding proteins noted earlier, a new and unique redox
potential-based protein family has recently been added. This
new class of proteins, known as Molecules Interacting with
CasL (MICAL) family, uses intrinsic redox potential to oxi-
dize actin and cause disassembly of actin filaments. The actin
remodeling property of the Drosophila MICAL protein
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(Dm MICAL) is critical for actin filament organization-related
processes such as axonal growth cone repulsion and bristle
development (28, 81). In this review, we will discuss the MI-
CAL family of proteins and their complex functions and ef-
fects on the actin cytoskeleton.

Evolutionarily Conserved MICAL Proteins

MICAL family members derive their name from the first
study that identified mammalian MICAL1 as a binding pro-
tein to p130 Cas family members, Cas and CasL (78). The
MICAL family consists of closely related MICAL proteins as
well as several partially homologous MICAL-Like (MICAL-L)
proteins. MICAL-L proteins lack the N-terminal flavin mono-
oxygenase domain (flavin adenine dinucleotide [FAD]
domain; Fig. 1) found in MICAL proteins. All MICAL-family
members have a calponin homology (CH) domain as well as a
Lin11, Isl-1, and Mec-3 (LIM) domain, and most have a
C-terminal coiled-coil (CC) domain (Fig. 1).

The Homo sapiens MICAL-family (Hs MICAL) consists of
three MICAL proteins (MICAL1, MICAL2, and MICAL3) and
two MICAL-L homologs (MICAL-L1 and MICAL-L2). Dro-
sophila melanogaster (Dm) contains a single MICAL with at
least three different splice variations (long, medium, and
short; the long isoform is represented in Fig. 1) and one
MICAL-L protein. In Zebrafish Danio rerio (Dr), eight MICALs
have been reported, including two paralogs for MICAL2,
MICAL3, and MICAL-L2 (Fig. 1) (86).

MICAL proteins are highly conserved from invertebrates to
vertebrates. A phylogenetic tree constructed with known
MICAL proteins (long splice variants of MICALs were used in
this tree generation) is depicted in Figure 2A. In this chart,
MICAL1, MICAL2, and MICAL3 are organized into different
clades. For example, Dm MICAL, Dr MICAL1, and Hs
MICAL1 are clustered in the same group. Phylogenetic
analysis of MICAL-L proteins also showed two clades of
MICAL-L1 and MICAL-L2 families (Fig. 2B). Hs MICAL-L2 is
an outgroup of MICAL-L1 and Dm MICAL-L, indicating that
it is more distantly related to other MICAL-family members.

Expression Profile

The expression profile of MICAL in invertebrate organisms
has been studied primarily in Drosophila (81). Dm MICAL is
expressed in the ventral neurogenic region as well as in many
non-neuronal tissues during early development. During later
stages of development, Dm MICAL non-neuronal expression
occurs primarily in the primordial midgut and in muscles.
During axonal path-finding stages, Dm MICAL is expressed
in the developing brain and ventral nerve cord and is also
present in neuronal cell bodies along axons and growth cones.
In another Drosophila study, Dm MICAL expression was ob-
served in a variety of tissues during embryogenesis (3). Dur-
ing neuromuscular development, MICAL expression was first
observed in muscles before being up-regulated in the neurons
of the central nervous system. However, muscle expression
persisted until the end of embryogenesis. MICAL is also ex-
pressed in bristles at the bristle cell membrane and at sites of
bristle branching (28).

Zebrafish have eight expressed Dr MICAL genes (86). Si-
milar to Drosophila, Dr MICAL proteins are highly expressed
in neurons and muscles. In addition, Dr MICAL2a, Dr MI-
CAL2b, Dr MICAL3a, Dr MICAL-L2a, and Dr MICAL-L2b

are expressed in heart tissue. The MICAL-L protein, Dr
MICAL-L2, is expressed in blood vessels.

In chickens, three MICALs are expressed, and consistent
with proposed roles in other organisms, in situ hybridization
studies support the notion that MICAL3 expression in motor
neurons controls the positioning of motor neuron somata (5).

Mammalian MICAL proteins have been studied in rat and
human cells. In rats, MICAL proteins are expressed
throughout the development of the nervous system with a
highly overlapping expression profile (57, 81). While MICAL1
and MICAL3 were ubiquitously expressed in the nervous
system, MICAL2 expression displayed higher selectivity, both
temporally and regionally (57). For example, MICAL2 is ex-
pressed in external brain areas (i.e., cortex and hippocampus),
but was absent in internal brain areas (i.e., hypothalamus and
striatum). Moreover, the expression of MICAL2 was delayed
in these tissues. Apart from neurons, MICAL1 and MICAL3
are also expressed in oligodendrocytes (57). Furthermore, the
expression of MICALs was elevated in oligodendrocytes and
meningeal fibroblasts present at the sites of spinal cord injury.
Overall, the neuronal expression profile of MICAL proteins
suggests a role in neural development and plasticity.

In humans, MICAL1 expression was studied from temporal
lobe epilepsy patient samples (42). Temporal lobe epilepsy is a
common form of epilepsy that is resistant to antiepileptic drugs.
These patient samples had reduced expression of MICAL1
compared with normal/control samples. Northern blot and
western blot analysis of MICAL proteins from tissue samples
indicated their expression in heart, lung, kidney, liver, thymus,
muscles, bone marrow, and brain, (1, 13, 78). MICAL1 is ubiq-
uitously expressed in various cell lines, and all three MICALs
are expressed in the HeLa cell line (22). In Hela, MICAL1 lo-
calizes to the cytoplasm, MICAL2 localizes to the area beneath
the plasma membrane, and MICAL3 is both observed in the
cytoplasm and associated with secretory vesicles (22, 23).

Functional Roles for MICAL Proteins

MICAL involvement was observed in the semaphorin/
plexin signaling pathway that performs axonal growth cone
repulsion (81). Various attraction and repulsion cues partici-
pate in axonal growth for proper neural development (31).
Semaphorin family members cause repulsion of axons by
binding to their receptors plexin and neuropilin-1 and - 2 (24,
61, 79). On semaphorin binding to plexin, the cytoplasmic
domain of plexin causes alterations in the growth cone cyto-
skeleton (51). These cytoskeletal alterations include depoly-
merization of actin filaments and a decreased ability of actin
monomers to polymerize. While searching for the mechanism
by which semaphorin signals transduce actin filament chan-
ges, MICAL was identified in a yeast-two-hybrid screen using
the plexin cytoplasmic domain as bait (81). Similar to loss of
function and gain of function of plexin mutants, MICAL loss-
of-function mutants and gain-of-function mutants caused
axonal guidance and neuromuscular defects, including
increased defasciculation, projection of neurons to inappro-
priate regions, axon stalling, and the bypassing of target
muscles (81).

Essential to the functional role of MICAL proteins in sema-
phorin-mediated axonal repulsion is the flavo-mono-oxygenase
domain. Further confirming its role in neuronal regulation,
MICAL participation was found in Sox14-regulated dendritic
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pruning (36). Pruning is the selective removal of neurons
without causing neuronal death. Sox14 is a transcription factor
and an essential participant in the dendritic pruning that is
mediated by ecdysone signaling (63). Sox14 mediates dendritic
pruning by promoting the expression of MICAL (36).

A large-scale mutagenesis screen in Drosophila identified a
role for MICAL in the regulation of myofilament organization

and synaptic structures during post-embryonic development
(3). MICAL mutants had abnormally structured neuromus-
cular junctions and displayed penetrant defects in the pat-
terning and arrangement of synaptic buttons. MICAL was
expressed in muscle, and MICAL mutations led to disorga-
nization of actin and myosin filaments and the failure to or-
ganize myofilaments into sarcomeres (3). SiRNA-induced loss

FIG. 1. Domain architecture of MICAL family members. Domain architecture of MICAL and MICAL-L proteins found in
Drosophila melanogastor (Dm), Homo sapiens (Hs), and Danio rerio (Dr). FAD, flavin adenine dinucleotide; CH domain, calponin
homology domain; LIM domain, Lin11, Isl-1, Mec-3 domain; CC domain, coiled-coil domain; MICAL, Molecules Interacting
with CasL; MICAL-L, MICAL-Like.
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of MICAL provided further support for the role of MICAL in
organizing myofilaments in muscles. MICAL mutants also
showed defects in the organization of the cytoskeleton around
the synaptic buttons. These neuromuscular defects in MICAL
mutants arise during post-embryonic stages, and the MICAL
mutants were unable to fly (3).

In flies, loss of MICAL caused bristle development defects
(28). This defect was evident by the presence of abnormal
club-like or blunt tipped bristles as well as thick, bent, and
twisted bristles. Moreover, over-expression of MICAL in
bristles caused severe branching defects, supporting a role
for MICAL in bristle morphology development. Bristle de-
velopment, akin to neuronal development, is also an actin-
dependent process. Correspondingly, bristles of MICAL
knock-out flies had disorganized, intersecting, and larger ac-
tin bundles (28). On the contrary, over-expression of MICAL
in bristles led to a complex meshwork of short actin filaments
instead of bristles organized in a normal parallel pattern. Dm
MICAL co-localized with actin filaments in vivo in the bristles,
and its FAD and CH domains were required to induce actin
and cell morphology defects. Even in vitro, Dm MICAL was
capable of destabilizing actin filaments (28). This study
proved that MICAL acts as a direct and specific regulator of
actin dynamics that converts semaphorin induced signaling
to F-actin destabilization-induced neuronal repulsion.

In chickens, MICAL3-depletion by shRNA caused motor
neurons to exit from the spinal cord into the ventral root. This
defect was also observed on depletion of either sema6A or
plexinA2, indicating conservation of MICAL involvement in
semaphorin signaling in different organisms (5).

In mammalian cell lines, both MICAL over-expression and
SiRNA-mediated knock-down had a considerable impact on
actin filament organization. MICAL2 over-expression caused
rearrangement of actin filaments to filopodial-like protru-
sions, whereas MICAL1 expression did not dramatically af-
fect the impact on the actin cytoskeleton (Fig. 3A, B) (22). Both
MICAL1 and MICAL3 are auto inhibited, and either removal
or mutations in the C-terminal CC domain relieves the auto
inhibition (22, 23). Expression of activated (uninihibited)

forms of MICAL1 and MICAL3 caused a reduction in the
amount of filamentous actin.

The actin remodeling property of MICAL proteins derives
from their FAD domains (Fig. 4). Expression of the MICAL1
FAD and MICAL2 FAD domains in HeLa cells caused re-
duced levels of F-actin and rearrangement of actin to filopo-
dial-like structures, respectively (22). Despite the high level of
homology between these proteins, each of them impact
F-actin in a different manner. Moreover, MICAL1 FAD do-
main expression also affected focal adhesion assembly and c-
tubulin organization (Fig. 5). Another study that showed
MICAL1 activation induced cell contraction (67), which is
possibly a result from its actin remodeling and focal adhesion
loss. Depletion of MICAL proteins also impacts the actin cy-
toskeleton (Fig. 6). Loss of either MICAL1 or MICAL2 caused
enrichment of filopodial-like actin protrusions at the cell pe-
riphery, whereas MICAL3-depletion caused an increase in the
number of stress fibers and cell size (22).

The Flavo-Mono-Oxygenase Domain of MICAL Proteins

The MICAL FAD domain exhibits flavin mono-oxygenase
activity. The FAD domain is present at the N-terminus of the
MICAL protein and is highly conserved with high sequence
homology and identity (Fig. 7A). Given that MICAL proteins
vary toward the C-terminus and that the FAD is responsible
for a major portion of the proteins’ function, we performed a
phylogenetic analysis on the FAD domains of MICAL pro-
teins. Our analysis yielded similar results to those with the
full-length MICAL proteins (compare Figs. 7B with 2A). The
MICAL1 FAD and Dm MICAL FAD domain display a similar
ancestral origin that correlates with a common cellular func-
tion. MICAL2 FAD and MICAL3 FAD appear to be of more
recent origin. Hs MICAL2 FAD belongs to an outgroup and is
more remotely related to Dm MICAL and MICAL1.

Flavo-mono-oxygenases are enzymes that are facilitated by
a constitutively bound flavin molecule as a prosthetic group,
use either NADH or NADPH as a reducing agent, and func-
tion to incorporate an oxygen atom into a substrate from

FIG. 2. Phylogenetic analysis of
MICAL family members. A phy-
logenetic analysis of MICAL (A)
and MICAL-L (B) proteins found in
Drosophila melangastor (Dm), Homo
sapiens (Hs), and Danio rerio (Dr)
was performed using Vector NTI
software and the Neighbor Joining
(NJ) algorithm. In cases in which
the proteins are expressed as vari-
ous splice variants, the longest
splice variant was used for the
analysis. The NCBI protein acces-
sion number of the protein se-
quence used for analysis is listed.
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molecular oxygen (56). The catalysis of insertion of a single
oxygen atom into an organic substrate with high specificity is
considered a complex chemical reaction. The common fea-
tures found in flavoprotein mono-oxygenases are a tightly
bound FAD molecule, dependence on a coenzyme such as
NAD(P)H, the release of NAD(P) + on flavin reduction, and
the existence of a Rossmann Fold that facilitates the binding of
the ADP moiety of the flavin molecule (82).

The crystal structure of mouse MICAL1 has been solved,
and it matches all the requirements of a flavin mono-
oxygenase (73). In addition to the Rossman Fold GXGXXG
motif (where G is glycine and X is any amino acid), the FAD

domains of MICAL proteins have other conserved motifs
such as a GD (glycine-aspartic acid) motif that facilitates the
binding of the ribose moiety of flavin, and a DG (aspartic
acid-glycine) motif which facilitates the binding of the py-
rophosphate moiety of flavin (73). Mutating the glycines
in the Rossman Fold to tryptophan affects the enzymatic
activity of the protein (22, 81). Similar to other mono-
oxygenases, the MICAL1 FAD also lacks a binding domain
for NADPH, and in order to reduce flavin, NADPH forms a
transient complex (73).

Mono-oxygenases function as either a single component or
two component enzymes. Two-component mono-oxygenases

FIG. 3. The effect of exoge-
nously expressed MICAL
family members on the locali-
zation and organization of ac-
tin filaments. HeLa cells grown
on coverslips were transiently
transfected with full-length
HA-MICAL1 (A), HA-MI-
CAL2 (B), HA-MICAL-L1 (C),
or GFP-MICAL-L2 (D). After
18 h, cells were fixed, permea-
bilized, and incubated with
Rhodamine-phalloidin (D) or
incubated with anti-HA anti-
body followed by Alexa-Fluor-
568-conjugated anti-mouse
secondary antibody and Alexa-
Fluor-488-conjugated phalloi-
din (A, B) or incubated with
anti-HA antibody followed by
Alexa-Fluor-488-conjugated
anti-rabbit secondary antibody
and Rhodamine-phalloidin (C).
Transfected cells are indicated
by yellow stars. Colocali-
zation between MICAL-L2-
containing vesicles and actin
filaments is indicated by white
arrows within the inset. Scale
bar: 10lm. To see this illustra-
tion in color, the reader is
referred to the web version of
this article at www.liebertpub
.com/ars
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have a separate reductase and oxygenase component (2). In
this case, the flavin molecule diffuses from the reductase
component to the oxygenase component. In the course of
single-component mono-oxygenase catalysis, the isoalloxa-
zine ring of the flavin does not diffuse; instead, structural
alteration of the protein facilitates the movement of flavin by
several angstroms (2). Based on structural studies, MICAL is a
single-component flavin mono-oxygenase (2).

By searching protein structure databases (DALI search)
with the structure of the MICAL mono-oxygenase, it was re-

vealed to have structural similarities to p-hydroxy benzoate
hydroxylase (PHBH) from Pseudomonas fluorescens (48). Si-
milar to PHBH, MICAL1 uses unbound NADPH as a cofactor
(48, 73). The MICAL1 FAD domain displayed similarities to
PHBH, in its ability to change conformations in the course of
its catalytic cycle (48, 73). In addition, MICAL1 activity was
sensitive to ionic strength and pH (90). To understand the
presumed catalytic mechanism of MICAL1 mono-oxygenase
function, we describe here its closest structural and functional
protein, PHBH.

FIG. 4. Effect of the MI-
CAL FAD domain actin fila-
ments organization. HeLa
cells grown on coverslips were
transiently transfected with ei-
ther truncated HA–MICAL1
(A) or HA-MICAL2 (B) con-
taining only the FAD domain.
After 18 h, cells were fixed,
permeabilized, and incubated
with anti-HA antibody
followed by Alexa-Fluor-
568-conjugated anti-mouse
secondaryantibodyandAlexa-
Fluor-488-conjugated phalloi-
din. Transfected cells are
indicated by yellow stars. Scale
bar: 10 lm. To see this illustra-
tion in color, the reader is
referred to the web version of
this article at www.liebertpub
.com/ars

FIG. 5. Effect of the MI-
CAL FAD domain on c-tu-
bulin and focal adhesion
plaques. HeLa cells grown on
coverslips were transiently
transfected with truncated HA-
MICAL1 containing only the
FAD domain. After 18 h, cells
were fixed, permeabilized, and
incubated with anti-HA anti-
body along with either anti-c-
tubulin or anti-phospho-
paxillin followed by Alexa-
Fluor-568-conjugated and
Alexa-Fluor-488-conjugated
secondary antibodies. Trans-
fected cells are indicated by
yellow stars. Scale bar: 10 lm.
To see this illustration in color,
the reader is referred to the
web version of this article at
www.liebertpub.com/ars
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Catalytic Cycle of PHBH

PHBH is an extensively studied flavin mono-oxygenase
that is involved in lignin catabolism (10). It is a 45-kDa protein
that has a noncovalently bound flavin molecule and exists as a
homo-dimer. At the expense of NADPH and O2, it catalyzes
the aromatic hydroxylation of para-hydroxy benzoate
(pOHB) to 3,4 dihydroxy benzoate (3,4DOHB) (Fig. 8). The
catalytic cycle consists of two half reactions: a reductive half-
reaction and an oxidative half-reaction (56). The part of the
catalytic cycle in which the cofactor or prosthetic group of the
enzyme is reduced is termed the reductive half-reaction, while
the part of that reaction in which the enzyme becomes reox-
idized is the oxidative half reaction. During the reductive half
reaction, oxidized flavin is reduced by NADPH followed by
the dissociation of NADPH (56). The oxidative half reaction

involves binding of O2, reduction of reduced flavin with O2 to
form a C4a-hydroperoxyflavin, oxygenation of the substrate,
and regeneration of oxidized flavin (56). In this reaction, C4a-
hydroperoxyflavin acts as an oxygenating reagent and per-
forms an electrophilic aromatic substitution on the substrate,
leading to oxygenation of pOHB (2, 10) (Fig. 8C, D).

During the reductive and oxidative cycle, the PHBH pro-
tein undergoes structural rearrangement to enable the
movement of the flavin molecule (2, 10). They are termed as
‘‘out,’’ ‘‘in’’ (closed), and ‘‘open’’ conformations. When the
flavin is in its oxidized state, pOHB (substrate) and NADPH
bind to the enzyme, and the enzyme is said to be in ‘‘out’’
conformation. During the ‘‘out’’ conformation, the isoalloxa-
zine ring (indicated by a star in Fig. 8A) of the flavin has access
toward the solvent, exposing its N5 for hydride transfer (18,
68) (Fig. 8A). This conformation promotes the hydride trans-
fer from NADPH and reduction of FAD to FADH2. On re-
duction of flavin, the NADP + is released and the isoalloxazine
ring moves back (46, 69). The flavin is said to be in the ‘‘in’’
conformation (Fig. 8B). This conformation positions the C4a of
the isoalloxazine close to pOHB to facilitate the hydroxyl-
ation. The conformation rearrangement from ‘‘out’’ to ‘‘in’’ in
most cases is the rate-determining step. In this conformation,
the O2 binds and reacts with reduced flavin to create a tran-
sient unstable C4a-hydroperxyflavin intermediate (46, 72)
(Fig. 8C). The ‘‘in’’ conformation isolates the flavin from the
solvent and thereby prevents destabilization of the C4a-
hydroperoxyflavin to H2O2 and oxidized flavin. The C4a-
hydroxyflavin acts as an electrophile, and the aromatic pOHB
acts as a nucleophile, leading to an electrophilic aromatic
substitution (54). In this reaction, oxygen is transferred to the
third position of pOHB (Fig. 8D), and the hydroxyl group in
the fourth position becomes a carbonyl (54). This nonaromatic
compound undergoes immediate tautomerization to the ar-
omatic 3,4DOHB (Fig. 8E). On substrate hydroxylation, C4a-
hydroxyflavin eliminates water to regenerate the oxidized
flavin. At this point, the product favors the ‘‘open’’ confor-
mation that enables product dissociation and permits sub-
strate binding (85). Along with the pOHB binding, NADPH
also binds, leading to transition to the ‘‘out’’ conformation and
the cycle continues.

The rate of reduction of flavin by NADPH is increased
multifold in the presence of pOHB (substrate) binding (29).
In the absence of substrate, mono-oxygenases undergo a
slow uncoupling reaction that eliminates H2O2 from C4a-
hydroperoxyflavin without oxygenating the substrate. The
C4a-hydroperoxyflavin intermediate is highly unstable and in
the absence of substrate elimination of H2O2, occurs rapidly
(Fig. 8C–A).

Despite the similarities between PHBH and the MICAL
FAD, there are several significant differences between these
two proteins. For example, the MICAL FAD region equivalent
to the substrate binding cavity in PHBH is filled with tyrosine
side chains (73). Moreover, MICAL does not have an ‘‘out’’
conformation that enables substrate access; instead, it has a
channel which opens in the FAD domain that gives direct
access to the active site. This channel is opposite of the puta-
tive NADPH binding site and is thought to be large enough
for a substrate amino-acid side chain to enter. This struc-
tural feature of channel-running substrate access is mainly
found in polyamine oxidases (4) and is not typical for mono-
oxygenase-dependent hydroxylases. In addition, the catalytic

FIG. 6. Effect MICAL-family protein depletion on actin
filament localization and organization. (A) HeLa cells
grown on coverslips were mock treated, treated with SiRNA
against MICAL1, MICAL2, or MICAL3. After 72 h, cells were
fixed, permeabilized, and incubated with Alexa-Fluor-488-
conjugated phalloidin. (B) HeLa cells grown on coverslips
were mock treated, treated, or with SiRNA against MICAL-
L1. After 72 h, cells were fixed, permeabilized, and incubated
with Alexa-Fluor-488-conjugated phalloidin. Scale bar:
10 lm.
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activity of MICALs in the absence of substrate was several
fold higher than that observed with other mono-oxygenases,
including PHBH. For example, even in the absence of sub-
strate, the mouse MICAL1 FAD domain had a high turnover
of H2O2 with a Kcat of 77 s - 1 and the Km of NADPH at 222 lM
(48). Human MICAL1 had Kcat and Km values in the range of
3.9–4.8 s - 1 and 26–41 lM, respectively (90). The large varia-
tion (greater than 10 fold) in the values derived from the two
species is thought to ensue from differing experimental
conditions.

Mechanism of Action

Based on the structural homology between the FAD do-
mains and other flavoprotein mono-oxygenases, three dif-
ferent mechanisms were proposed to explain how MICALs
might impact cytoskeletal reorganization (37, 83). The mech-
anisms include (i) production of reactive oxygen species
(ROS), (ii) oxidation of downstream signaling molecules, or
(iii) causing direct oxidation and destabilization of actin fila-
ments. ROS are oxygen-containing reactive chemical species
that include radical (superoxide, hydroxy radicals) and non-
radical (hydrogen peroxide, ozone) compounds.

The notion that MICALs affect cytoskeletal reorganization
by generating ROS is supported by experiments demon-
strating that the mouse MICAL1-FAD domain in the presence
of NADPH and molecular oxygen can produce the ROS

molecule, H2O2 in vitro (48). Furthermore, H2O2 functions as a
signaling molecule that modulates protein phosphorylation
and also affects actin filaments directly (39, 62). Oxidation of
actin can cause actin remodeling (48). In vitro, ROS molecules
were able to modify cysteine, methionine, and tryptophan
residues of actin, which, in turn, affect actin polymerization
and also lead to actin degradation (11, 45). In support of this
theory, we found that cells expressing human MICAL (as well
as several MICAL truncation proteins that caused actin re-
modeling phenotypes), indeed, resulted in increased levels of
ROS, as determined by the ROS indicator, dihydrocalcein (22).
In a study by Morinaka et al., an H2O2-specific probe showed
that MICALs, indeed, produce H2O2 in vivo on activation by
semaphorin 3A (Sema3A), leading to oxidation of its down-
stream substrate protein, the collapsin response mediator
protein-2 (CRMP2) (47) (Fig. 9). Oxidized CRMP2 forms a
disulfide-linked homodimer that transiently complexes with
thioredoxin. This complex promotes phosphorylation of
CRMP2 through glycogen synthase kinase-3. CRMP2 pro-
motes microtubule polymerization, and its phosphorylation
by Sema3a, therefore, promotes microtubule disassembly that
is essential for growth cone collapse (47). Furthermore, Zhou
et al. expressed constitutively active MICAL1 mutants (lack-
ing the auto-inhibitory C-terminal region) in cells and dem-
onstrated H2O2 production in vivo (89).

In contrast to the ROS theory, Hung et al. showed that actin
is a direct redox substrate of Dm MICAL-FAD-CH domains

FIG. 7. The FAD domain of MI-
CAL proteins is highly conserved
among species. Phylogenetic anal-
ysis of the FAD domain of MICAL
proteins found in Drosophila mela-
nogastor (Dm), Homo sapiens (Hs),
and Danio rerio (Dr) was performed
using Vector NTI software. The se-
quence homology and identity of
various MICAL proteins against
Dm MICAL and Hs MICAL1 is
provided (A) along with the phy-
logenetic tree obtained from this
analysis (B). The protein region
used for analysis is indicated within
brackets (accession number of the
protein used is same as indicated in
Fig. 2).
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and that MICAL does not cause actin rearrangements through
ROS production (27). MICAL uses its redox potential to oxi-
dize methionines M44 and M47 of actin molecules to methi-
onine sulfoxide. The oxidation of M44, present within the D
loop of actin, caused severing of actin filaments. Mutations in
actin M44L showed bristle morphology defects in Drosophila
similar to MICAL loss of function. Supporting this study,
Zucchini et al. confirmed that actin can act as a substrate for
the human MICAL1-FAD domain (90). While Hung et al.
showed that MICAL stably modifies actin’s ability to poly-
merize (27), Zucchini et al. suggested that MICAL1-mediated
effects on actin may be reversible (90). Based on its ability to
oxidize methionine residues, MICAL proteins are also known
as protein-methionine sulfoxide oxidases.

Exogenous expression of human MICAL1-FAD and human
MICAL2-FAD induced different effects on actin filaments (22).
The MICAL2-FAD caused a rearrangement of actin stress fi-
bers, whereas MICAL1-FAD caused a drastic decrease in

F-actin staining (Fig. 4), indicating a potential difference in the
mechanism of action of the two MICALs. Since Dm MICAL
requires both its FAD and CH domain to induce cell mor-
phology changes, whereas mammalian MICALs require only
their FAD domains, this further supports the notion of a dif-
ference in the mechanism of action between these MICALs (22,
28). In addition to actin, both human MICALs also regulate
c-tubulin, which is involved in microtubule nucleation in the
pericentriolar region of the cell (90). CRMP2 associates with
a-b-tubulin heterodimers and promotes microtubule poly-
merization (16). It is not clear whether the effects on c-tubulin
are caused directly by MICAL or by an indirect mechanism.

A recent proteomic screen with mouse MICAL1 identified
the apoptotic proteins Nuclear-Dbf2-related kinase (NDR1
and NDR2) as binding partners (89). NDRs are serine threo-
nine kinases that participate in apoptosis functioning down-
stream of mammalian Ste-20-like kinase 1 (MST1) (84).
MICAL1 competes with MST1 for the C-terminal

FIG. 8. Catalytic cycle of
PHBH. PHBH enzyme cata-
lyzes the conversion of pOHB
to 3,4 dihydroxybenzoate
(3,4DOHB) with the help of a
covalently bound flavin mol-
ecule and transiently inter-
acting NADPH cofactor. The
flavin isoalloxazine (marked
by a star; A) undergoes re-
duction by NADPH in the
presence of substrate (B) and
then undergoes oxidation by
molecular oxygen to form a
transient C4a-hydroperoxy-
flavin intermediate (C). The
C4a-hydroperoxyflavin inter-
mediate performs an electro-
philic aromatic substitution
on pOHB producing a die-
none form of the product
(D). The dienone form tau-
tomerizes to 3,4DOHB and
then dissociates (E). On pro-
duct dissociation, new pOHB
binds and the catalytic cycle
continues (A). In the absence
of substrate, C4a-hydroper-
oxyflavin undergoes rapid
uncoupling producing H2O2

and regenerates oxidized
flavin (C–A). PHBH, p-
hydroxy benzoate hydroxy-
lase; pOHB, para-hydroxy
benzoate; 3,4DOHB, 3,4 di-
hydroxybenzoate.
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hydrophobic motif of NDRs (89). Accordingly, MICAL1 in-
hibits the phosphorylation of NDRs by MST1 and negatively
regulates MST1-mediated apoptosis signaling. Similar to MI-
CAL proteins, NDR kinases also participate in neurite out-
growth and cytoskeletal dynamics (25). Although MICAL’s
inhibitory effect on apoptosis was independent of its FAD
domain, NDRs could potentially function downstream of MI-
CAL, affecting cytoskeletal events (89). Other proteins that
were identified in the proteomic screen (to identify MICAL1
binding partners) include the GTP-binding cytoskeletal protein
septin-9 and the actin-binding filamin-B. Septins co-ordinate
microtubule and actin dynamics and participate in Rho sig-
naling (12, 74). Filamins are also actin-binding proteins that
function as F-actin crosslinkers (49). MICAL is also a binding
protein of the P130 Cas family members Cas and CasL that
have been implicated in the regulation of actin dynamics (26,
33, 78). MICAL also interacts with vimentin, which can lead to
cytoskeletal alterations when oxidized by H2O2 (64, 78). Al-

though the functional significance of these proteins in MICAL-
mediated cytoskeletal rearrangement is unclear, it will be in-
teresting to see whether they are oxidized by MICAL and to
determine how MICAL oxidation might alter their function.

Mono-Oxygenase Activity in Membrane Trafficking

MICAL proteins bind to a variety of different Rab proteins.
A recent study showed that the mono-oxygenase activity of
MICAL3 is required for vesicle docking and fusion (23). Rab6
and Rab8 cooperate to control exocytosis in the secretory
pathway, with Rab6 involved in Rab8a recruitment to vesi-
cles. Rab8, in cooperation with MICAL3, interacts with ELKS
(a cortical protein that functions in docking exocytic secretory
vesicles) (52), causing vesicle fusion at ELKS-positive cortical
sites. MICAL3 interacts with Rab8 through its CC domain and
interacts with ELKS through its C-terminal region that is
distinct from its Rab8-binding region (23). The Rab6

FIG. 9. Activation and function
of MICAL proteins. MICAL pro-
teins are activated either on sema-
phorin signaling or by the binding
of proteins that relieve their auto
inhibition. On activation, and in the
presence of NADPH, MICAL uses
its FAD domain to either oxidize
proteins or produce ROS such as
H2O2. MICAL proteins directly ox-
idize actin at methionine residues,
causing depolymerization of actin
filaments. Actin filaments can also
be altered indirectly by the H2O2

produced by MICAL proteins. MI-
CAL proteins regulate actin orga-
nization and on their loss,
cytoskeletal organization is af-
fected. The H2O2 produced by MI-
CALs causes oxidation and
dimerization of CRMP2, which then
binds to thioredoxin (TRX) and is
phosphorylated by GSK-3b. This
modification of CRMP2 could pro-
mote microtubule remodeling, which
along with actin remodeling pro-
motes semaphorin-mediated growth
cone collapse. CRMP2, collapsin
response mediator protein-2; ROS,
reactive oxygen species. To see this
illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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interaction with ELKS along with the Rab8a-MICAL3-ELKS
complex promotes secretory vesicle fusion.

When semaphorin binds to plexin, it causes axonal repul-
sion, which not only involves cytoskeletal alterations, but also
requires endocytic events causing the internalization of local
membrane (43). Although MICALs are Rab-binding proteins,
their role in membrane trafficking during axonal repulsion
remains unexplored.

Other Domains and Motifs Found in MICAL Proteins

CH domain

CH domains are mainly found in actin-binding proteins (19,
38). In MICALs, the CH domain is adjacent to the FAD domain,
whereas it is localizedtotheN-terminusofMICAL-Lproteins.A
phylogenetic analysisof the CH domain ofMICALand MICAL-
L proteins indicated that the CH domain is highly conserved
from Zebrafish to humans (86). CH domains are classified into
three types,and MICALandMICAL-L proteinspossessa type-2
CH domain similar to that found in proteins such as smoothelin
and microtubule-associated RP/EB (end binding proteins) (38).
Type-2 CH domains do not possess the ability to bind directly to
F-actin, but can assist type-1 CH domain-containing proteins in
bindingactin.TheCHdomainsofMICAL1andMICAL-L2were
unable to bind to F-actin (65, 76). Similar to other type-2 CH
domain-containing proteins, MICALs contain a conserved
phosphatidylinositol-(4,5)-bisphosphate (PIP2) binding site,
and PIP2 has been implicated in F-actin regulation (15, 86). In-
deed,full-lengthMICAL2proteinco-localizeswithexogenously
expressed Arf6 and PIP5K structures, suggesting that its locali-
zation to PIP2-rich membranes is likely via its CH domain (un-
publishedobservations).AlthoughtheMICALCHdomaindoes
not contain actin-binding ability, Dm MICAL requires the
presence of the CH domain along with the FAD domain to reg-
ulate actin filaments and bristle morphology in Drosophila (28).

The solved structures of the MICAL1 and MICAL3 CH
domains are highly conserved with other CH domains (30,
76). The MICAL1 CH domain consists of six alpha helices and
one 310 helix (a type of helical structure with three residues per
turn). The MICAL1 CH domain comprises four distinct co-
operative unfolding units with a hydrophobic core. Hydro-
phobic interactions are predicted for the maintenance of the
three-dimensional structure of the MICAL1 CH domain.

LIM domain

Another common domain shared between MICAL family
members is the Lin11, Isl-1, and Mec-3 domain, termed LIM
domain. LIM domains are a cytoskeletal interaction element
that is capable of interacting with various proteins (88).
MICAL-family members have LIM domains following the CH
domain, and the distance between these two domains varies
between the MICAL family members (14). MICAL2 has the
largest gap between the two domains. The LIM domain of
MICAL1 binds to CRMP and NDR kinase-family members
(67). The CH and LIM domains of MICAL-L1 bind to CRMP2
(60). On the other hand, the LIM domain of MICAL-L2 in-
teracts with F-actin and promotes F-actin crosslinking (60).

CC domain

Another domain found in the C-terminal region of most of
the MICAL-family members is the CC domain. The CC

domain is otherwise known as ezrin/radixin/moesin a-like
motif. The MICAL CC was recently classified as a domain of
unknown (DUF) function called the DUF3585 domain. Al-
though CC domains are relatively common, apart from MI-
CALs, very few proteins have defined DUF3585 domains. One
DUF3585 domain-containing protein is the Eps15 homology
domain binding protein 1 (EHBP1), and the EH domain-
binding protein 1-like protein 1. Through their CC domains,
MICALs interact with plexins, vimentin, and NDRs. MICAL
and MICAL-L proteins also interact with various Rabs (Rab1,
Rab8, Rab10, Rab13, Rab15, Rab35, and Rab36) through their
CC domains (78) 20, 23, 60, (17, 87). Accordingly, MICAL and
MICAL-L proteins are considered Rab effectors.

The MICAL-L1 CC domain associates with membranes by
selectively binding to phosphatidic acid (PA) (21). An inter-
esting MICAL CC domain function is its ability to auto inhibit
various MICAL proteins. Removal of the CC domain from
MICAL1 or mutations that affect the CC domain formation
cause activation of the mono-oxygenase domain, leading to
actin rearrangement and cell contraction (22) (67). The CC
domain of MICAL1 binds to its LIM domain to mediate the
auto-inhibition. CRMP binding to the MICAL1 LIM domain,
therefore, relieves it from auto-inhibition (67). Similarly,
MICAL-L2 is auto inhibited by the binding of its CC domain
to its CH and LIM domains (66). Binding of Rab13 to MICAL-
L2 relieves the auto-inhibition. In addition, on truncation of its
C-terminus, MICAL3 impacted actin filament levels, further
suggesting auto-inhibitive behavior (23). In this manner, de-
spite the physical distance to the mono-oxygenase domain,
the C-terminal region controls the activity of the protein.
When chimeric proteins were made swapping the C-termini
of MICAL1 and MICAL2, the sequence of the C-terminal re-
gion dictated its function (22). Since studies show that the
MICAL2 expressed in prostate cancer cells has variations in its
C-terminal region (1), the prediction is that these variant
proteins might behave differently from wild-type MICAL2.
For example, if these variants were to display a constitutively
active MICAL2 FAD domain, this might lead to F-actin al-
terations, potential activation of epithelial-mesenchymal
transition, and the promotion of metastasis.

Other Motifs Found in MICAL Proteins

Proline-rich domains

Proline-rich domains (PRD) are found throughout most of
the MICAL-family members. MICAL1 contains PPKPP motifs
before its C-terminal CC domain, and these PRD motifs in-
teract with the Src homology 3 (SH3) domain of Cas-family
members Cas and CasL (78). MICAL-L1 has a stretch of PRDs
located between the LIM and CC domain. It has 14 PXXP
motifs that include two Class I PXXP sites. We have demon-
strated that MICAL-L1 binds to the SH3 domain of Syndapin2
via its Class I sites (21). These Class I PXXP sites are highly
conserved between human and Zebrafish MICAL proteins,
but are not found in Dm MICAL-L.

NPF motifs

Another motif that is conserved among the MICAL-L
proteins is the asparagine-proline-phenylalanine (NPF) motif.
NPF motifs are motifs that typically interact with Eps15
Homology (EH) domains (71), and NPF motifs followed by
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one or more acidic residues interact selectively with the
C-terminal Eps15 homology domain (EHD) containing pro-
teins (35). For example, mammalian MICAL-L1 has two NPF
motifs; the first is followed by six acidic residues and it in-
teracts with the EH domain of EHD1 (71). Dm MICAL-L has
two NPF motifs, both of which are followed by acidic resi-
dues. Dr MICAL-L1a has three NPF motifs, two of which are
followed by acidic residues.

MICAL-L Proteins in Actin Remodeling

MICAL-L2, due in part to its activity as a Rab13 effector, is
also known as Junctional Rab13-binding ( JRAB) protein (80).
MICAL-L2 plays a key role in the assembly of tight and ad-
herent junctions through regulating trafficking of occludin,
claudin, and E-cadherin to the plasma membrane (80, 87).
MICAL-L2 is recruited to cell-cell junctions through its bind-
ing partner and an actin binding protein, Actinin-4 (50). Apart
from binding to Actinin-4, MICAL-L2 also binds to actinin-1
(65). Actinins localize to stress fibers, cellular protrusions, and
cell adhesion sites, and are capable of rearranging the actin
cytoskeleton through their F-actin crosslinking activity (55).
Apart from indirect binding through actinins, MICAL-L2 also
directly binds to F-actin, facilitating F-actin bundling and
stabilizing F-actin (65). Although MICAL-L2 is endogenously
expressed only in polarized cells, when exogenously ex-
pressed in HeLa cells, it is localized to vesicles aligned with
actin microfilaments (Fig. 3D; insets). Furthermore, loosening
of F-actin bundles was observed on MICAL-L2 loss. MICAL-
L2, similar to MICAL1, is also inhibited in its activity toward
actin filaments by its C-terminal CC domain (22). While this
intramolecular inhibition by its CC domain inhibits its F-actin
stabilization activity, its interaction with actinins suppresses
F-actin crosslinking activity (65). Through its differential ac-
tivity toward F-actin, it plays a key role in the establishment
and maintenance of stationary cell-cell adhesions. MICAL-L2
also regulates neurite outgrowth and is involved in epithelial
cell scattering (32, 66).

Although belonging to the MICAL-family, no reports have
yet been made describing the involvement of MICAL-L1 in
regulating actin filaments. Neither endogenous nor exoge-
nous MICAL-L1 shows co-localization with actin filaments
(Fig. 3C). However, we have observed rearrangement of actin
filaments to filopodial-like structures upon MICAL-L1 de-
pletion (Fig. 6B). The mechanism for this apparent actin re-
arrangement remains unclear. As noted earlier, MICAL-L1
contains a unique NPF motif that is absent in other MICALs,
with which it interacts with EHD1 (35, 71). MICAL-L1 localizes
to tubular recycling endosomes, and recruits both Rab8 and
EHD1 to these structures (70, 71). These tubular endosomes are
involved in the recycling of receptors such as integrin and
transferrin back to the plasma membrane. MICAL-L1 locali-
zation to these tubular membranes depends on its CC domain
and is modulated by the GTP-binding proteins, Rab35 and Arf6
(70, 71). Through its association with CRMP2, MICAL-L1
connects these tubular endosomes with the microtubule-based
transporter, dynein (60).

A proteomic screen to identify proteins that bind to specific
SH3 domains showed that MICAL-L1 can interact with Synda-
pin family members (41). We have demonstrated that Synda-
pin2, MICAL-L1, and EHD1 form a tripartite complex, and that
MICAL-L1 and Syndapin2 cooperate in the generation of these

tubular recycling endosomes (21). Both MICAL-L1 and Synda-
pin2 are PA binding proteins. PA recruits the two proteins that
initiate tubular membrane generation and the trafficking of re-
ceptors through the recycling endosomes. Syndapin2 associates
directly with the actin binding proteins Wiskott–Aldrich syn-
drome protein (WASP) and Rac1 (8, 34). Syndapin2 controls
Rac1 signaling and Rac1 controlsSydapin2, localizing to tubular
membranes. Accordingly, the effect of MICAL-L1-depletion on
actin filaments could be an indirect one, mediated by the Syn-
dapin2 binding proteins, Rac and/or WASP.

Conclusion

Although MICAL-family proteins were identified just a
decade ago, evidence suggests that they play important reg-
ulatory functions in actin cytoskeleton organization, neuronal
growth, neuromuscular development, apoptosis, bristle de-
velopment (in flies), and membrane trafficking. Key to
MICAL protein function is the FAD domain, whose role in
generating ROS may be central to its actin regulatory activity.
In addition, the presence of various protein-protein interac-
tion motifs and domains in MICALs, they often serve as
scaffolding proteins. For example, MICAL-L1 acts as a scaf-
folding protein at recycling endosomes, connecting key reg-
ulatory proteins to endosomes (20). The degree to which other
MICAL proteins are involved in scaffolding activity remains
unclear, but with the identification of a growing number of
MICAL interaction partners, it is anticipated that the diverse
functions of MICAL-family proteins will be further clarified.
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Abbreviations Used

3,4 DOHB¼ 3,4 dihydroxy benzoate
CC¼ coiled-coil
CH¼ calponin homology

CRMP2¼ collapsin response mediator protein-2
Dm¼Drosophila melanogaster
Dr¼Danio rerio

DUF¼domain of unknown function
EHBP1¼Eps15 homology domain binding protein 1

EHD¼Eps15 homology domain
ELKS¼E-twenty six (ETS) domain-containing protein
FAD¼flavin adenine dinucleotide

Hs¼ homo sapiens
JRAB¼ junctional Rab13-binding
LIM¼Lin11, Isl-1 and Mec-3

MICAL¼molecules interacting with CasL
MICAL-L¼MICAL-like

MST1¼mammalian Ste-20-like kinase
NADP+¼nicotinamide adenine dinucleotide phosphate

NADPH¼ reduced NADP+

NDR¼nuclear-Dbf2-related kinase
NPF¼ asparagine-proline-phenylalanine

PA¼phosphatidic acid
PHBH¼p-hydroxy benzoate hydroxylase

PIP2¼phosphatidylinositol-(4,5)-bisphosphate
pOHB¼para-hydroxy benzoate

PRD¼proline rich domains
ROS¼ reactive oxygen species

Sema3A¼ semaphorin 3A
SH3¼ Src homology 3

WASP¼Wiskott–Aldrich syndrome protein
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