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Release of MICAL Autoinhibition by Semaphorin-Plexin
Signaling Promotes Interaction with Collapsin Response
Mediator Protein

Eric F. Schmidt, Sang-Ohk Shim, and Stephen M. Strittmatter
Program in Cellular Neuroscience, Neurodegeneration, and Repair, Yale University School of Medicine, New Haven, Connecticut 06536

Semaphorin activation of Plexin (Plex) receptors provides axonal guidance during neuronal development. Two families of cytoplasmic
proteins, collapsin response mediator proteins (CRMPs) and molecules interacting with CasL (MICALs), have been implicated in Plexin
function. The relationship between CRMP and MICAL signaling has not been defined nor is the mechanism by which Plexin activates
MICAL clear. Here, we show that CRMP and MICAL physically associate and that Sema signaling promotes this association. MICAL
enzymatic activity is inhibited by the C-terminal domain of MICAL. CRMP and Plexin associate with nonenzymatic and enzymatic
domains of MICAL and together release MICAL enzymatic autoinhibition. In addition to acting as an upstream MICAL activator, CRMP
functions downstream of MICAL, inhibiting the catalytic domain. A constitutively active CRMP mutant inhibits MICAL activity more
potently than does wild-type CRMP, suggesting that CRMP or a CRMP-associated factor is a MICAL substrate. Thus, complex Plex/CRMP/
MICAL interactions transduce Semaphorin signaling into axon guidance.
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Introduction
Accurate axonal guidance during development is essential for
neuronal function. Semaphorins are an important class of extra-
cellular guidance cues, and Sema3A is the prototypical axonal
repellant. Recent work has made it clear that Sema3A signaling
involves several intracellular pathways mediating a variety of cel-
lular responses (for review, see Pasterkamp and Kolodkin, 2003).
After the binding of Sema3A to the coreceptor complex consist-
ing of members of the Plexin-A (PlexA) and neuropilin-1
(NRP1) families of proteins (He and Tessier-Lavigne, 1997;
Kolodkin et al., 1997; Takahashi et al., 1999; Tamagnone et al.,
1999), neuronal growth cones collapse as a result of the dramatic
rearrangement of the actin cytoskeleton and endocytosis of the
plasma membrane (Luo et al., 1993; Fournier et al., 2000; Jurney
et al., 2002; Castellani et al., 2004). A role for Rho-like GTPases
(Jin and Strittmatter, 1997; Zanata et al., 2002; Turner et al., 2004;
Toyofuku et al., 2005), protein phosphorylation (Aizawa et al.,
2001; Eickholt et al., 2002; Mitsui et al., 2002; Sasaki et al., 2002),
RanBPM (Togashi et al., 2006), and members of the collapsin
response mediator protein (CRMP) family (Goshima et al., 1995;
Deo et al., 2004) have all been shown to play a role in Sema3A
signal transduction. In addition, the intracellular molecule inter-
acting with CasL (MICAL) has been shown to bind to PlexA

receptors in Drosophila and is required for proper guidance of
motor axons (Terman et al., 2002).

MICAL was first identified in a protein interaction screen
looking for novel binding partners for the signaling protein CasL
(Suzuki et al., 2002). MICAL contains a number of conserved
protein interaction domains, including a calponin homology
(CH) domain, LIM (the three gene products Lin-11, Isl-1, and
Mec-3) domain, multiple coiled-coil ERM (ezrin/radixin/moesin
domain) �-like motifs, proline-rich regions, and glutamic acid
rich repeats (Suzuki et al., 2002; Terman et al., 2002; Weide et al.,
2003). At least three MICAL genes, MICAL1–3, have been iden-
tified in vertebrates (Suzuki et al., 2002; Terman et al., 2002;
Pasterkamp et al., 2005). MICAL may provide a link to cytoskel-
etal dynamics and vesicle trafficking. CH domains in other pro-
teins bind and/or regulate actin (Gimona et al., 2002). The SH3
domain of CasL is involved in �1-integrin signaling (Sattler et al.,
1997) and binds to the PPKPP sequence of MICAL1 (Suzuki et
al., 2002). MICAL also associates with microtubules (Fischer et
al., 2005) and vimentin (Suzuki et al., 2002). The interaction of
MICAL1 and 3 with Rab1 may contribute to organelle trafficking
(Weide et al., 2003; Fischer et al., 2005).

All members of the MICAL gene family have a highly con-
served �500 amino acid stretch at their N terminus, which con-
tains three characteristic flavin adenine dinucleotide (FAD)-
binding motifs present on flavin monooxygenases participating
in oxidation-reduction (redox) reactions (Terman et al., 2002).
The crystal structure of the monooxygenase (MO) domain of
mouse MICAL1 reveals that it shares a structural homology to
aromatic hydroxylases, such as p-hydroxybenzoate hydroxylase
(pHBH) from Pseudomonas fluorescens (Nadella et al., 2005;
Siebold et al., 2005), and has detectable enzymatic activity
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(Nadella et al., 2005). MICAL is an NADPH-dependent enzyme,
consistent with monooxygenase function (Massey, 1995). Al-
though to date, no substrates have been identified, structural
analyses suggest that the substrate for MICAL is likely an amino
acid side chain of a positively charged macromolecule, such as a
protein (Siebold et al., 2005).

A yeast two-hybrid screen using the C2 intracellular domain
of Drosophila PlexA, a region highly conserved between PlexA
family members, identified MICAL as a novel Plexin-interacting
protein (Terman et al., 2002). Flies null for the MICAL gene
exhibited dramatic axon pathfinding deficits in Sema1A-
sensitive motor axons and had a strong genetic interaction with
Sema1A and PlexA mutant flies (Terman et al., 2002). Most in-
teresting was the observation that proper axon guidance was de-
pendent on MICAL enzymatic activity, because flies with point
mutations in the FAD-binding domain displayed the same phe-
notype as those lacking the MICAL gene altogether (Terman et
al., 2002). Pharmacological studies have shown the green tea ex-
tract, (�)epigallocatechin gallate (EGCG), a specific inhibitor of
flavin monooxygenases, is able to block Sema3A- and Sema3F-
mediated axonal repulsion in mammalian systems (Terman et al.,
2002; Pasterkamp et al., 2005). This effect is specific to class 3
semaphorins, because EGCG treatment did not alter responses to
Sema6A, slit, ephrinAs, or myelin (Pasterkamp et al., 2005).

The goal of the current study was to explore the relationship of
MICAL to other known PlexA-interacting proteins, namely
CRMPs (Deo et al., 2004). In addition, we examine the effect of
full-length MICAL and truncation mutants of MICAL on COS-7
cell morphology and develop an assay to measure the monooxy-
genase activity of MICAL mutants in transfected human embry-
onic kidney 293T (HEK293T) cell lysates. The data presented
here demonstrate that MICAL is a CRMP-interacting protein,
and the FAD-binding domain is constitutively active (CA) in
COS-7 cells and neurons. Additionally, the enzymatic activity
appears to be autoregulated by the C-terminal domain of MI-
CAL, and overexpression of the C-terminal domain acts in a
dominant-negative manner to attenuate Sema3A signaling. Fi-
nally, overexpression of the C-terminal domain is sufficient to
block neuronal responses to Sema3A in neurons.

Materials and Methods
Expression plasmids, viral vectors, and recombinant proteins. The expres-
sion plasmids for Myc-PlexA1, Myc-PlexA3, Myc-PlexA1�ect, Myc-
PlexA1cyto, bicistronic Myc-PlexA1/HA-NRP1, alkaline phosphatase
(AP)-Sema3A, AP-Sema3F, V5-CRMP1– 4, and V5-mCRMP1(49 –56)
have been described previously (Takahashi et al., 1999; Takahashi and
Strittmatter, 2001; Deo et al., 2004). Full-length Myc-MICAL1-pRK5
was a generous gift from Dr. A. Kolodkin (Johns Hopkins University,
Baltimore, MD). Mouse MICAL1 truncation mutants or LIM domain
were constructed by amplifying the coding regions for amino acids
1– 450, 1– 630, 1–760, 451–1048, 631–1048, 761–1048, or 631–760 by
PCR and subcloning the products into pcDNA3.1-Myc/His (Invitrogen,
San Diego, CA) between BamHI and XhoI. V5-MICAL1 was constructed
using the pcDNA3.1-V5/His-TOPO cloning kit (Invitrogen) using PCR-
amplified coding regions for amino acids 1–1048. For GST fusion pro-
teins, coding regions for amino acids 8 –525 of wild-type (WT) CRMP1
or mCRMP1(49 –56), or 761–1048 of mouse MICAL1 were amplified by
PCR and subcloned into pGEX-6P-1 between BamHI and XhoI.

Chemically competent BL21-Gold(DE3) Escherichia coli (Clontech,
Mountain View, CA) were transformed with GST fusion protein expres-
sion plasmids or empty pGEX-6P-1 vector. Expression was induced by
the addition of 1 mM isopropyl-�-D-thiogalactoside, and cells were
grown for 12–15 h at room temperature. Cells were lysed by sonication in
buffer containing 50 mM HEPES, pH 7.5, 150 mM KCl, 1 mM DTT, and
1� EDTA-free protease inhibitor mixture (Roche Diagnostics, India-

napolis, IN). Lysates were cleared by centrifugation and filtration
through a 0.22 �m filter, and GST fusion protein was batch purified by
affinity chromatography using glutathione-S transferase-conjugated
resin (GE Healthcare, Arlington Heights, IL). Bound protein was eluted
with 15 mM reduced glutathione, 50 mM Tris, pH 8.5, and elutions were
dialyzed against 20 mM HEPES, pH 7.5, and 100 mM NaCl.

To make AP-conditioned media, HEK293T cells were transiently
transfected with expression plasmids for AP-Sema3A, AP-Sema3F, or
pcAP6 vector and grown in DMEM (Invitrogen) with 10% fetal bovine
serum (FBS) (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).
After 5 d, conditioned media was collected, filtered with a 0.22 �m filter,
and stored at �80°. Concentration of AP protein was determined using
the pNPP assay (Pierce, Rockford, IL).

For viral vectors, the coding region of full-length and truncation mu-
tants of MICAL1, including the Myc/His epitope tag, were amplified by
PCR from the respective pcDNA3.1-Myc/His expression vectors and
then ligated into pHSVPrPUC between the BamHI and EcoRI sites. The
production of recombinant Herpes Simplex Virus (HSV) has been de-
scribed previously (Takahashi et al., 1999). Conditioned media contain-
ing the virus was used for experiments.

Immunoprecipitations and cell morphology assays. HEK293T cells were
cultured in DMEM with 10% FBS and 1% penicillin/streptomycin and
grown on six-well tissue culture plates. Cells were transfected with 2 �g of
DNA with 6 �l of Fugene-6 transfection reagent (Roche Diagnostics) in
100 �l of serum-free DMEM and allowed to grow for 36 – 48 h. Cells were
lysed on ice in 500 �l buffer containing 20 mM Tris, pH 7.5, 150 NaCl, 1
mM EDTA, 1% Triton X-100, 1 mM PMSF, and 1� protease inhibitor
mixture (Roche Diagnostics), and lysates were cleared by centrifugation.
Fifty microliters of supernatant was saved for analysis (input). Lysates
were incubated with monoclonal anti-Myc or anti-V5 antibody-
conjugated agarose beads (Sigma, St. Louis, MO) for 1–3 h at 4°. Beads
were washed four times with 750 �l wash buffer containing 0.1% Triton
X-100, 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and bound
protein was eluted by the addition of 2� Laemli’s sample buffer. Eluates
were analyzed by SDS-PAGE and Western blotting using anti-Myc
(9E10; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-V5 (Invitro-
gen) primary antibodies, AP-conjugated anti-mouse secondary antibod-
ies, and visualized with the nitroblue–tetrazolium– chloride (NBT)/5-
bromo-4-chlor-indolyl-phosphate (BCIP) alkaline phosphatase
substrates.

For Sema3A treatment, HEK293T cells were cotransfected with Myc-
PlexA1/HA-NRP1 bicistronic plasmid, V5-CRMP1, and V5-MICAL1
and grown for 36 h. Cells were then equilibrated to room temperature for
30 min with the addition of 50 mM HEPES, pH 7.5, to the media. AP-
Sema3A or AP-conditioned media was added to each well at a final
concentration of �1 nM, and cells were incubated for an additional 30
min. Immunoprecipitations were performed as described above, except
0.1 nM AP-Sema3A or AP conditioned media was included in the lysis
buffer.

To test the effect of MICAL truncation mutants on cell morphology,
COS-7 cells were transfected with expression plasmids using the
Fugene-6 transfection method (Roche Diagnostics) and grown in six-
well plates. After 12 h, cells were replated into 24-well plates at a low
density and grown for an additional 24 h before being fixed with 3.7%
formaldehyde in PBS. Transfected cells were visualized by immunofluo-
rescent staining with anti-Myc primary antibodies (9E10; Sigma) and
Alexa Flour-488-conjugated anti-mouse secondary antibodies (Invitro-
gen, Eugene, OR). Immunofluorescence images were captured using a
CCD camera attached to an Olympus Optical (Center Valley, PA), mi-
croscope, and cell area was measured using Scion (Frederick, MD) Image
Analysis software. In testing Sema3A-mediated contraction, cells were
transfected and replated as above. Cells were then incubated with AP-
Sema3A or AP-Sema3F conditioned media at a final AP concentration of
�1 nM for 60 min before being rapidly washed three times with ice-cold
HBH (HEPES buffered HBSS) with 0.1% BSA and fixed with 3.7% form-
aldehyde in 20 mM HEPES, pH 7.5, and 150 mM NaCl. Cells were visual-
ized by staining for bound AP using the BCIP/NBT alkaline phosphatase
substrates. Transmitted light images were captured, and cell area was
measured as described above.
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MICAL activity assay. The Amplex Red Hydrogen Peroxide/Peroxi-
dase Assay kit (Invitrogen) has been used to measure hydrogen peroxide
production from the purified enzymatic domain of MICAL1 (Nadella et
al., 2005). We further adapted the kit to study the activity of MICAL1
truncation mutants in HEK293T cell lysates. Cells were transfected with
expression plasmids encoding MICAL truncation mutants and grown for
36 – 48 h. Cells were lysed by sonication in buffer containing 20 mM

HEPES, pH 7.4, 100 mM NaCl, and 1� EDTA-free protease inhibitor
mixture (Roche Diagnostics), and lysates were cleared by centrifugation.
Reactions were performed in 100 �l consisting of 50 �l of cell lysate,
200 �M NADPH, 6 �M Amplex Red Reagent (10-acetyl-3,7-
dihydroxyphenoxazine), and 100 �U HRP in 20 mM HEPES, pH 7.4, and
100 mM NaCl. Absorbance at 560 nm was measured using a Benchmark
96-well plate spectrophotometer (Bio-Rad, Hercules, CA) every minute
for 5 min. When testing the effects of GST fusion proteins on MICAL
activity, the purified protein (in 20 mM HEPES, 100 mM NaCl) was added
to the reaction mixture at indicated concentrations. To test the effect of
GST proteins on NADPH kinetics, the assay was performed as above,
except the final concentration of NADPH was varied from 0 to 800 �M.

HSV infection and neurite outgrowth. The cul-
ture and HSV infection of chick dorsal root gan-
glion (DRGs) neurons has been described pre-
viously (Takahashi et al., 1999). Briefly, DRGs
were dissected from embryonic day 7 (E7) chick
embryos and dissociated with trypsin-EDTA
(Invitrogen). Cell suspensions were then incu-
bated in F-12 media (Invitrogen) with 10% FBS
(Invitrogen), 1% penicillin/streptomycin (In-
vitrogen), and 100 ng/ml NGF (Sigma) on un-
coated plastic tissue culture plates with a 1:10
dilution of HSV conditioned media for 12–15 h.
Cells were then replated on poly-D-lysine- and
laminin-coated 96-well tissue culture plates
(Costar, Cambridge, MA) and grown for 2 h.
Sema3A or clustered ephrin-A5 conditioned
media containing 5 nM ligand was added, and
cells were grown for an additional 5 h before
being fixed with ice-cold PBS containing 3.7%
formaldehyde and 20% sucrose. Neurites were
then visualized by immunofluorescent staining
using monoclonal anti-Myc (9E10) and poly-
clonal anti-neurofilament-200 primary anti-
bodies (Sigma) and Alexa-488 anti-mouse and
Alexa-568 anti-rabbit secondary antibodies (In-
vitrogen). Neurite outgrowth was analyzed us-
ing the Molecular Devices (Union City, CA) Im-
age Express system. The measurement of axonal
growth cone collapse has been described previ-
ously (Nakamura et al., 1998).

Results
MICAL1 forms a complex with PlexA
proteins and CRMP
It has been established that MICAL directly
interacts with the C-terminal region of
PlexA in flies, and this interaction mediates
Drosophila Sema1A signaling (Terman et
al., 2002). We examined interactions be-
tween mammalian MICAL and PlexA pro-
teins. HEK293T cells were transfected with
expression vectors for mouse V5-MICAL1
and mouse Myc-PlexA1, Myc-PlexA3,
Myc-PlexA1/HA-NRP1 bicistronic plas-
mid, Myc-cytoplasmic domain of PlexA1
(PlexA1cyto), or pcDNA3.1-Myc-His vec-
tor. Lysates were subjected to anti-Myc im-
munoprecipitations, and eluates were sep-
arated by SDS-PAGE and immunoblotted

with anti-Myc or anti-V5 antibodies. MICAL-V5 copurified with
all of the Plexins tested, showing that these proteins can interact
in mammalian systems (Fig. 1A). We next tested whether MICAL
associates with members of the CRMP family of proteins, which
we have shown to interact with PlexA1 and mediate signaling
(Deo et al., 2004). Anti-Myc immunoprecipitates of lysates of
transfected cells demonstrated that V5-tagged CRMP1, 2, 3, and
4 all could form a complex with Myc-MICAL1 (Fig. 1B).

To test the significance of these interactions in the context of
Sema3A signaling through PlexA receptors, anti-Myc immuno-
precipitations were performed on lysates of HEK293T cells ex-
pressing Myc-PlexA1, HA-NRP1, V5-CRMP1, and V5-MICAL1
and stimulated with control or Sema3A conditioned media for 30
min. Although there was some background binding of V5-
CRMP1 and to the anti-Myc beads, treatment with Sema3A in-
creased the amount of V5-CRMP that specifically coimmunopre-
cipitated with Myc-PlexA1 (Fig. 1C), similar to previous

Figure 1. MICAL forms a Sema3A-modulated complex with CRMP and PlexA proteins. A, HEK293T cells were transfected with
plasmids encoding the indicated proteins (1, PlexA1; 3, PlexA3; 1N, PlexA1/NRP1; C, PlexA1cyto). Lysates were then immuno-
precipitated (IP) with anti-Myc antibodies, and Western blots were probed for Myc or V5 immunoreactivity. V5-MICAL were
coimmunoprecipitated with both full-length PlexA1 and PlexA1cyto. The presence of NRP1 had no effect on the Plex-MICAL
interaction. The expression of PlexA1cyto is equal to that of full-length PlexA1 (data not shown) but is not visible in the molecular
weight range probed for full-length PlexA1. B, V5-CRMP1, 2, 3, and 4 all were able to coimmunoprecipitate with Myc-MICAL1
from transfected HEK293T cell lysates. C, Immunoprecipitations of HEK293T lysates expressing V5-MICAL, V5-CRMP1, and Myc-
PlexA1/NRP1 (A1/NP1), Myc-PlexA1�ect (�ect), or vector (None). CRMP1 and MICAL were coimmunoprecipitated in a complex
with Plexin proteins. Sema3A treatment or constitutively active PlexA1�ect increased the amount of CRMP1 and MICAL that
coimmunoprecipitated. Each result is representative of three to five separate experiments with similar results.
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observations (Deo et al., 2004). V5-
MICAL1 also showed some nonspecific
binding to Myc-beads; however, the
amount of MICAL found in the immuno-
precipitates was increased by Sema3A
treatment (Fig. 1C). Additionally, more
V5-CRMP1 and V5-MICAL1 copurified
with the constitutively active Myc-
PlexA1�ect compared with untreated full-
length Myc-PlexA1/NRP1 (Fig. 1C). These
data suggest that activation of the PlexA1
receptor, either by ligand binding or by re-
lease of autoinhibition, leads to the stabili-
zation of a complex containing Plexin,
CRMP, and MICAL proteins.

Yeast two-hybrid studies have shown
that the C-terminal region of MICAL1 is
responsible for interactions with Plexins
(Terman et al., 2002). In an attempt to map
the region of MICAL responsible for medi-
ating interactions with CRMPs, a series of
MICAL1 truncation mutants (tMICALs)
was generated. These mutant proteins were
designed to contain a combination of the
conserved protein–protein interaction do-
mains found on the region of MICAL1
C-terminal to the FAD-binding monooxy-
genase domain (Fig. 2A). Anti-V5 immu-
noprecipitations of HEK293T cell lysates
overexpressing Myc-tagged tMICAL pro-
teins with either V5-CRMP1 or vector
were performed. Analysis of the immuno-
precipitates revealed that all tMICALs failed
to interact with CRMP1 as strongly as
full-length protein (Fig. 2B,C). However,
tMICAL 1–760, which contains the FAD-
binding, CH, and LIM domains coprecipi-
tated with CRMP1 much more strongly than
any of the other mutants. The C-terminal re-
gion, consisting of the poly-proline rich re-
gion and the coiled-coil domains failed to in-
teract with CRMP1 directly, indicating that
Plexin and CRMP interacting domains are
separable. A comparison of tMICAL 1–760 with tMICAL 1–630
suggests that the LIM domain contributes to CRMP interaction.
Although these observations suggest the LIM domain may be a site
of CRMP binding, no direct interaction between the LIM domain
alone and CRMP1 was detectable (data not shown). A comparison
of tMICAL 1–760 with tMICAL 451–1048 suggests that the FAD-
binding domain also participates in CRMP interaction. However,
the FAD-binding domain alone, tMICAL 1–450, was expressed at
lower levels, so its direct interaction cannot be compared directly.
Because it is thought that mouse MICAL1 forms a globular protein
(Nadella et al., 2005), multiple residues located throughout the re-
gion spanning the FAD and LIM domains may mediate CRMP
binding rather than a specific linear chain of amino acids.

The MICAL1 FAD-binding region mediates changes in cell
morphology and is inhibited by the C terminus
The heterologous assay measuring changes in COS-7 cell mor-
phology has become a useful method of studying semaphorin
signaling in a non-neuronal system (Takahashi et al., 1999; Deo et
al., 2004; Turner and Hall, 2006). Therefore, the effect of the

overexpression of tMICAL proteins on COS-7 cell morphology
was examined. COS-7 cells were transfected with full-length
Myc-MICAL or one of the six tMICAL constructs. The cell area of
anti-Myc-immunoreactive cells was measured, and the percent-
age of cells with an area �1600 �m 2 was determined. Approxi-
mately 39% of COS-7 cells overexpressing full-length MICAL1
were contracted (Fig. 3). Surprisingly, overexpression of the
FAD-binding domain alone (tMICAL 1– 450), with the CH do-
main (tMICAL 1– 630), or with the CH and LIM domains
(tMICAL 1–760) resulted in contraction of 80 –95% of cells, sim-
ilar to overexpression of constitutively active PlexA1�ect (Fig.
3B). Therefore, truncation of the C-terminal 290 – 600 amino
acids results in constitutive activity. The cell contraction was
likely not attributable to a toxic effect of the mutant protein,
because cells showed no evidence of apoptosis (data not shown)
and exhibited a round morphology with a few “spindle-like” pro-
cesses (Fig. 3A) similar to PlexA1�ect overexpressing and Pl-
exA1/NRP1 overexpressing cells treated with Sema3A (Taka-
hashi and Strittmatter, 2001). Overexpression of the full-length
MICAL (FL-MICAL) protein yielded cell contraction percent-

Figure 2. Interaction of MICAL truncation mutants with CRMP1. A, Schematic depicting MICAL1 trunctation mutants
(tMICALs) with conserved domains indicated. Numbers in parentheses are used in B. B, Lysates of HEK293T cells transfected with
V5-CRMP1 and Myc-tagged full-length or truncated MICAL1 were immunoprecipitated (IP) with anti-V5 and immunoblotted for
anti-V5 or anti-Myc immunoreactivity. Full-length MICAL (F) and tMICAL3 are clearly immunoprecipitated with CRMP1. C, Mi-
crodensitometry of Myc-MICAL protein coimmunopreciptiated by V5-CRMP1 from six independent experiments similar to B. Data
are means � SEM.
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ages that were slightly higher than background of tMICAL 450 –
1048 (23%). Although this difference did not reach statistical
significance, there may be weak activity of the FL-MICAL. It
should also be noted that fewer cells were observed expressing
tMICAL 1– 450 compared with all of the other proteins, which
could potentially be a result of compromised health after replat-
ing or decreased attachment to tissue culture plates.

Overexpression of tMICAL mutants lacking the FAD-binding
domain failed to cause cell contraction (Fig. 3A,B), suggesting
that this region was responsible for the constitutive activity of
tMICAL 1– 450, 1– 630, and 1–760. These data also suggest that

the C-terminal region of MICAL may in-
hibit the activity of the FAD-binding do-
main in the full-length protein. To test this
hypothesis, the C-terminal 290 amino ac-
ids of MICAL (tMICAL 761–1048) were
coexpressed with tMICAL 1– 630 and
1–760. Remarkably, coexpression of the
C-terminal domain attenuated the consti-
tutive activity of tMICAL 1–760; however,
it failed to block the contraction of tMICAL
1– 630 overexpressing cells (Fig. 3B).
Therefore, reconstitution of the full-length
protein was necessary for inhibition.

We next looked to see whether the
C-terminal domain of MICAL can physi-
cally interact with the N-terminal portion
of the protein to mediate autoinhibitory ef-
fects. HEK293T cells were cotransfected
with expression vectors for V5-tagged
tMICAL 761–1048 and either Myc-tagged
full-length MICAL1, tMICAL 1– 630, or
tMICAL 1–760, and lysates were subjected
to anti-V5 immunoprecipitation. Myc-
tMICAL 1–760 coprecipitated with V5-C-
terminal domain (Fig. 3C). There was no
anti-Myc immunoreactive band in immu-
noprecipitates of tMICAL 1– 630 cotrans-
fected cells and only a weak band with full-
length MICAL. Together, these data
suggest that the C-terminal domain of
MICAL may interact with the rest of the
protein between amino acids 631–760.
This region includes the LIM domain;
however, Myc-tagged LIM domain by itself
was unable to interact with the C-terminal
domain (Fig. 3C). It is likely that MICAL–
MICAL binding is mediated by cis-
interactions, because the full-length
protein showed a weaker coimmunopre-
cipitation with V5-tMICAL 761–1048 than
the truncation deletion mutant lacking the
C-terminal domain (tMICAL 1–760) (Fig.
3C). Similar to MICAL-CRMP interac-
tions, interactions of C-terminal MICAL
with the rest of the protein may be medi-
ated by multiple residues near the LIM do-
main organized throughout the globular
protein.

C-terminal domain of MICAL inhibits
enzymatic activity
With traditional flavin monooxygenases,

either nicotinamide adenine dinucleotide phosphate or NADPH
is used for the reduction of FAD and subsequently the transfer of
an oxygen atom to the substrate (Massey, 1994, 1995). The re-
duced form of the flavoenzyme reacts with molecular oxygen to
form a detectable flavin C(4a) hydroperoxide intermediate,
which in the absence of substrate, decomposes to produce hydro-
gen peroxide and reoxidized FAD (Massey, 1994, 1995). Indeed,
it has been shown that MICAL is an NADPH-dependent enzyme
(Nadella et al., 2005; Siebold et al., 2005). A previous report dem-
onstrated the use of an enzyme-linked assay to measure the ac-
tivity of purified MICAL FAD-binding monooxygenase domain

Figure 3. FAD-binding domain of MICAL1 is constitutively active in COS7 cells and is autoinhibited by the C-terminal region.
A, COS7 cells were transfected with the indicated plasmids and visualized with anti-Myc immunoflourescence. B, Quantification
of contraction of cells in A (mean � SEM). Cells with an area �1600 mm 2 were defined as contracted. Below the graph is
schematic of the tMICAL proteins. Although cells expressing full-length MICAL remain spread, cells expressing MICAL with
truncations downstream of the FAD-binding region are contracted. When the FAD-binding domain is deleted, the cells fail to
contract. Coexpression of the C-terminal domain (761–1048) inhibited the constitutive activity of 1–760 but not 1– 630. C,
HEK293T cells were transfected with the indicated plasmids, and V5-tagged C-terminal domain of MICAL (761–1048) was
immunoprecipitated from lysates using anti-V5 antibodies. A small amount of full-length MICAL1 coimmunoprecipitated; how-
ever, a large amount of MICAL 1–760 copurified. Neither MICAL 1– 630 nor the LIM domain only (L) showed a strong interaction
with the C-terminal domain.
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(amino acids 1– 489) based on hydrogen
peroxide production (Nadella et al., 2005).
We adapted this assay to test the activity of
MICAL truncation mutants in lysates of
transfected HEK293T cells. Hydrogen per-
oxide production was detected in solution
using the Amplex Red Reagent, which re-
acts in a 1:1 stoichiometry with hydrogen
peroxide in the presence of horseradish
peroxidase to produce a dye that can be
detected by absorption at 560 nm. Figure
4A depicts the mechanism and design of
the assay.

No activity was detected in lysates from
untransfected cells or cells transfected with
full-length MICAL or tMICAL 451–1048,
which lacks the FAD-binding enzymatic
domain (Fig. 4B). Both tMICAL 1– 630
and 1–760 showed measurable enzymatic
activity using this assay (Fig. 4B). These
data support the hypothesis that tMICAL
1– 630 and 1–760 are constitutively active,
and full-length MICAL is autoinhibited by
the C-terminal domain. In addition, these
data suggest that the effects of the overex-
pression of C-terminal MICAL truncation
mutants on COS-7 cell morphology are
likely a result of constitutive enzymatic ac-
tivity. Purified recombinant His-tagged
tMICAL 1–760 was used to determine that
the concentration of active MICAL in the
lysates corresponded to �1 �M of protein
(data not shown).

We directly tested whether the
C-terminal region of MICAL1 could in-
hibit the enzymatic activity of tMICAL
1– 630 and 1–760. Purified recombinant
GST-tMICAL 761–1048 was added to ly-
sates of HEK293T cells transfected with ei-
ther Myc-tMICAL 1– 630 or 1–760. A 20 –
25% decrease in hydrogen peroxide
production was detected when 0.1 �M

GST-tMICAL 761–1048 was added com-
pared with untreated lysates in both cases (Fig. 4C). Also, the
addition of 1 �M of the C-terminal domain led to a �75% de-
crease in enzyme activity. The addition of purified GST did not
alter the activity of the constitutively active MICAL proteins (Fig.
4C), demonstrating the specificity of the GST-tMICAL 761–1048
effect. In the presence of 1 �M GST-tMICAL 761–1048, the ability
of NADPH to activate hydrogen peroxide production is severely
impaired for both tMICAL 1– 630 and 1–760 (Fig. 4C, insets),
suggesting that GST-tMICAL 761–1048 modulates MICAL activ-
ity by altering NADPH kinetics. The presence of GST fusion pro-
teins had no effect on the efficiency of the assay to detect hydro-
gen peroxide (data not shown).

Coexpression of CRMP and MICAL leads to cell contraction
To test the functional significance of the interactions between
MICAL and CRMP, COS-7 cells were transfected with expression
vectors for both proteins. Cells coexpressing Myc-MICAL1 and
V5-CRMP1 showed a significant increase in contraction com-
pared with cells expressing each protein individually (Fig. 5A,B).
These data suggest that the coexpression of these proteins is suf-

ficient to activate a signaling pathway leading to changes in cell
morphology. Two possible mechanisms by which this could oc-
cur are that CRMP positively modulates MICAL enzymatic ac-
tivity or CRMP is modified by MICAL enzymatic activity and this
in turns leads to cell contraction.

To distinguish these possibilities, NADPH-dependent hydro-
gen peroxide production by MICAL-expressing cell lysates was
measured from cells cotransfected with CRMP1 using the Am-
plex Red Assay (Fig. 5C). CRMP1 coexpression did not signifi-
cantly alter FL-MICAL enzymatic activity but suppressed the ac-
tivity dependent on truncated tMICAL 1–730. These data do not
fit with the hypothesis that CRMP activates MICAL. To explore
further the possibility that MICAL modifies CRMP, purified re-
combinant GST WT CRMP1 (amino acids 8 –525) was added to
the lysates of cells transfected with either full-length MICAL or
the constitutively active tMICAL 1–760. The presence of CRMP
was not able to cause a detectable increase in hydrogen peroxide
production from full-length MICAL lysates (Fig. 5D, left). A dra-
matic reduction in hydrogen peroxide production was seen when
CRMP1 was added to tMICAL 1–760 lysates at concentrations of

Figure 4. Measurement of MICAL enzymatic activity. A, A flow chart depicting the assay design. Addition of NADPH leads to
the reduction of FAD; however, the intermediate hydroperoxide form of the enzyme is unstable in the absence of substrate and
therefore decomposes when exposed to molecular oxygen to form oxidized FAD and hydrogen peroxide. H2O2 production is
measured by the Amplex Red Peroxidase assay [adapted from the study by Nadella et al. (2005)]. B, Measurement of H2O2

production from lysates of HEK293T cells untransfected (NT) or transfected with indicated MICAL constructs in the presence of 200
�M NADPH. H2O2 (1 �M) in reaction buffer was used to show the sensitivity of the assay. Both tMICAL 1– 630 and 1–760 showed
enzymatic activity, whereas NT, FL, and 451–1048 lacked activity. C, Quantification of the activity of tMICAL 1– 630 and 1–760
with increasing concentrations of GST-761–1048 (mean � SEM). The addition of C-terminal domain decreased consitutive
activity and shifted the concentration dependence for NADPH (inset).

2292 • J. Neurosci., February 27, 2008 • 28(9):2287–2297 Schmidt et al. • MICAL Activation by CRMP and Plexin



1 and 10 �M (Fig. 5D, right). The addition of the CA CRMP1
(mCRMP1[49 –56]) (Deo et al., 2004) was also effective at reduc-
ing hydrogen peroxide production from tMICAL 1–760 at a
much lower concentration than WT CRMP1.

Initially, these data seemed contradictory to observations of
cell morphology, because, in this assay, CRMP appeared to inac-
tivate MICAL enzyme activity. However, the assay used measures
hydrogen peroxide production by MICAL, which is believed to
occur only in the absence of substrate (Massey, 1994; Nadella et
al., 2005; Siebold et al., 2005). It is predicted that in the presence
of substrate, the MICAL*-FADH-OOH intermediate is blocked
from bulk solvent and therefore does not degrade to hydrogen
peroxide. Therefore, the lack of hydrogen peroxide production
would make it appear that the enzyme is inactive in this assay.

Unlike the MICAL C-terminal region, the
attenuation of hydrogen peroxide produc-
tion by WT CRMP1 does not alter NADPH
concentration dependency (Fig. 5E), con-
sistent with the possibility that CRMP1 ex-
erts its action as a substrate inhibitor not a
cofactor inhibitor of the enzyme. One in-
triguing possibility is that an amino acid
side chain of CRMP1 serves as a substrate
for MICAL monooxygenase activity (see
Discussion).

Truncation of the FAD-binding domain
of MICAL1 results in a
dominant-negative protein
The effect of expression of MICAL mutants
lacking the FAD-binding region on
semaphorin-mediated COS-7 contraction
was tested. Sema3A-mediated contraction
was examined in COS-7 cells expressing
PlexA1/NRP1 Sema3A receptors alone
or with full-length MICAL, tMICAL 451–
1048, or tMICAL 761–1048. Note that
Sema3F is used here as a histological re-
agent that detects the expression of NRP-1
but does not activate this Sema3A receptor
(Takahashi et al., 1998, 1999). The coex-
pression of full-length MICAL1 with
PlexA1/NRP1 led to the majority of cells
showing a contracted morphology in all
treatment groups (Fig. 6). This effect was
independent of neuropilin and Sema-
phorin treatment, because cells overex-
pressing only PlexA1 and full-length
MICAL1 were constitutively contracted
(Fig. 6B, black bar). Similar to previous
published observations (Takahashi et al.,
1999; Deo et al., 2004), Sema3A treatment
led to a significant increase in contraction
of PlexA1/NRP1-expressing cells com-
pared with control Sema3F treatment (Fig.
6A,B). Coexpression of tMICAL 451–1048
or 761–1048 significantly attenuated the
Sema3A-mediated contraction (Fig. 6B).
These data suggest that truncation of the
FAD-binding domain leads to a dominant-
negative protein in a heterologous assay
measuring Sema3A responses.

Next, HSV vectors were used to overex-
press MICAL truncation mutants in dissociated chick DRG neu-
rons to assess the effect of these proteins on neurite outgrowth.
None of the proteins exhibited adverse effects on the overall
health or survival of the cells (data not shown). Neurons overex-
pressing full-length MICAL, tMICAL 451–1048, or tMICAL 761–
1048 did not show any significant changes in neurite length when
compared with untreated control cells overexpressing green flu-
orescent protein (GFP) (Fig. 7A,B) (data not shown). However,
overexpression of tMICAL 1–760 led to a �27% decrease in out-
growth relative to GFP controls (Fig. 7B). This effect was very
similar to the �28% decrease in outgrowth observed in GFP
overexpressing cells that were grown for 5 h in the presence of
Sema3A, demonstrating that tMICAL 1–760 exhibits constitutive
activity when expressed in neurons. Additionally, these observa-

Figure 5. Coexpression of CRMP and MICAL alters cell shape, and CRMP alters MICAL enzymatic activity. A, COS7 cells trans-
fected with Myc-MICAL1 and V5-CRMP1 were visualized with anti-Myc (red) or anti-V5 (green) immunofluorescence. Cells
expressing either MICAL1 alone or CRMP1 alone appeared spread (arrowheads), whereas many of the cells expressing both
proteins were contracted (arrows). B, Quantification of contraction (cell area, �1600 mm 2) of cells from A (mean � SEM; data
are from 3 experiments; *p � 0.05). Sixty-one percent of the cells expressing both proteins were contracted. C, H2O2 production
from lysates of HEK293T cells cotransfected with indicated FL-MICAL, tMICAL 1–760, and CRMP1 expression vectors in the
presence of 200 �M NADPH (mean � SEM; data are from 3 experiments; *p � 0.05 comparing with and without CRMP1). D,
Quantification of the rate of H2O2 production by MICAL enzymatic activity in HEK293T lysates after the addition of purified
GST-tagged WT or CA CRMP1. Both WT and CA CRMP1 decreased enzyme activity with CA CRMP1 being as effective at a concen-
tration an order of magnitude lower than WT CRMP1. E, MICAL activity was measured in the presence of 1 �M GST or 1 �M GST-WT
CRMP1 at various NADPH concentrations. The effect of WT CRMP1 on MICAL1 activity was not caused by alterations in NADPH
affinity.
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tions match precisely the effect of the overexpression of the CA
CRMP mutant described previously (Deo et al., 2004).

Because tMICAL mutants lacking the enzyme domain were
able to attenuate Sema3A-mediated COS7 contraction, it was
important to determine whether such dominant-negative activ-
ity could occur in neuronal responses to Sema3A. As stated
above, GFP overexpressing neurons show a �28% decrease in
outgrowth when grown in the presence of Sema3A. This effect
was abolished in neurons overexpressing tMICAL 451–1048 or
tMICAL 761–1048 (Fig. 7C), suggesting that these mutant pro-
teins, indeed, exhibit a dominant-negative behavior in neurons
and that the C-terminal domain is sufficient for these effects.
Interestingly, tMICAL 1–760 did not significantly attenuate
Sema3A responses (data not shown). This is again consistent with
the observations for CA CRMP (Deo et al., 2004).

To assess the specificity of the tMICAL for Sema3A signaling,
responses to clustered ephrinA5 were examined in parallel. The
maximal percentage of E7 DRG growth cones collapsed by
Sema3A is greater than for ephrin-A5 (Fig. 7D), as expected (Na-
kamura et al., 1998; Takahashi et al., 1998; Munoz et al., 2005). In
tMICAL expression studies, a 5 nM concentration of ephrinA5 or
Sema3A was used (Fig. 7A–C), because this is less than twofold
above the EC50 value of each molecule for growth cone collapse
(Fig. 7D) and allows assays with the two ligands to be sensitive in
detecting a tMICAL blocking effect, if present. Overexpression of
tMICAL proteins did not have any effect on neuronal responses
to clustered ephrinA5 (Fig. 7A,C), demonstrating that the effect
of mutants on neurite outgrowth was specific to Sema3A signal-
ing pathway.

Discussion
The present study identifies a protein complex consisting of Plex-
ins, MICAL1, and CRMPs mediating Sema3A signaling. Trunca-
tion mutagenesis of MICAL1 revealed that mutant proteins lack-
ing the C-terminal 290 amino acids were constitutively active in
both a cell morphology assay as well as an in vitro system using an
enzyme-linked assay to indirectly measure the monooxygenase
activity of MICAL. In addition, the C-terminal domain of
MICAL acted to autoinhibit the N-terminal FAD-binding en-
zyme domain. CRMP altered MICAL activity in vitro, and the
mechanistic consequence of this observation is likely to be a fruit-
ful ground for additional biochemical studies. Finally, we provide
evidence to suggest MICAL truncation mutants lacking the FAD-
binding domain act as dominant-negative proteins in both the
heterologous Sema3A-mediated COS7 contraction assay and at-
tenuate neuronal responses to Sema3A. Together, these data be-
gin to elucidate a mechanism for the activation and regulation of
MICAL enzymatic activity and the initiation of semaphorin sig-
naling inside the cell.

The involvement of MICAL in semaphorin signaling was first
described in flies (Terman et al., 2002). These studies demon-
strated that proper Sema1A axon guidance was dependent on the

4

Sema3F conditioned media for 1 h at 37°C and visualized by staining for bound AP. Sema3A
activates NRP1 receptors, whereas Sema3F binds to these receptor without activating them
(Takahashi et al., 1998, 1999). B, Quantification of contraction of cells from A. The cell area was
measured, and the percentage of contracted cells (area �1600 �m 2) is shown (mean�SEM).
Cells expressing PlexA1/NP1 and MICAL 451–1048 or MICAL 761–1048 showed reduced con-
traction in response to AP-Sema3A challenge (�44 – 48% contracted) compared with cells
expressing only PlexA1/NRP1 (�78% contracted). The coexpression of PlexA1 and full-length
MICAL led to cell contraction in the absence of NRP1 or Sema3A treatment (black bar). *p �
0.01 versus No MICAL value, Student’s t test.

Figure 6. C-terminal domain of MICAL1 is dominant negative in Sema3A-mediated COS7
contraction. A, COS7 cells were transfected with PlexA1/NRP1 together with vector, full-length
MICAL1, tMICAL 451–1048, or tMICAL 761–1048 were incubated with AP-Sema3A or AP-
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monooxygenase activity of MICAL. In addition, the green tea
extract EGCG, which is known to inhibit other flavin monooxy-
genases (Abe et al., 2000a,b), was shown to specifically block
growth cone responses to Sema3A in vitro, further supporting a

role for redox activity in axon guidance (Terman et al., 2002;
Pasterkamp et al., 2005). Our results from COS-7 cells overex-
pressing truncation mutants add to these observations by dem-
onstrating that the enzymatic activity is autoinhibited by the

Figure 7. The effect of tMICALs on DRG neurite outgrowth. A, Dissociated E7 chick DRGs were treated with HSV vectors to overexpress GFP, full-length MICAL, or tMICAL mutants and grown in
the presence of control, 5 nM AP-Sema3A, or 5 nM clustered ephrinA5 conditioned media. Infected neurons were visualized by double immunofluorescent staining with anti-Myc or anti-GFP (data
not shown) together with anti-neurofilament to visualize axons (shown). B, Comparison of neurite outgrowth between control (GFP) cells and cells overexpressing FL-MICAL1, tMICAL 1–760, or
Sema3A-treated control cells (GFP � Sema3A) from A. Mean neurite outgrowth was measured and is presented as a percentage of the mean outgrowth from GFP-overexpressing cells (mean �
SEM). Both Sema3A treatment and overexpression of tMICAL 1–760 led to a significant decrease in neurite outgrowth when compared with control (*p � 0.01, Student’s t test). C, Quanitification
of the effect of Sema3A and ephrinA5 treatment on the neurite outgrowth of the cells overexpressing GFP, FL-MICAL, tMICAL 451–1048 (451–1048), or tMICAL 761–1048 (461–1048) from A. Data
are expressed as percentage of mean outgrowth of control conditioned media (mean � SEM). Although GFP and FL-MICAL overexpressing cells showed a decrease in outgrowth in the presence of
Sema3A, this effect was not seen in cells overexpressing tMICAL 451–1048 or 761–1048. All groups showed attenuated outgrowth when treated with clustered ephrinA5 (*p � 0.01; Student’s t
test). D, Dose–response curve for E7 chick DRG growth cone collapse by AP-Sema3A and by clustered ephrinA5-Fc. The concentration of ephrinA5-Fc is expressed for total ephrinA5 molecules and
is not corrected for the degree of clustering. A dose of 5 nM was used for the experiments in A–C.
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C-terminal domain in the full-length protein, and release of this
inhibition induces morphological changes similar to the addition
of Sema3A in PlexA1/NRP1 overexpressing cells. Additionally,
expression of truncation mutants lacking the FAD-binding do-
main was able to attenuate Sema3A-induced changes in cell mor-
phology and neurite outgrowth in neurons.

The observation that C-terminal domain of MICAL can bind
to the rest of the protein and modulate the enzyme activity is a
novel finding with broad implications for understanding the
mechanism of signaling. The COOH-terminal region contains
the residues that mediate interactions with Plexin in flies and
vertebrates (Terman et al., 2002). An attractive hypothesis is that
Plexin binding to the C terminus disrupts the interaction of
MICAL C terminus with the enzymatic domain, releasing auto-
inhibition and leading to the activation of the monooxygenase
activity. Interestingly, other MICAL-interacting proteins, includ-
ing the small GTPase, Rab1, CasL, and vimentin, have all been
shown to bind to residues within the last 290 amino acids MICAL
(Suzuki et al., 2002; Weide et al., 2003). Therefore, a number of
signaling pathways may converge at this site to modulate MICAL
activity. CRMP does not appear to bind to residues in the C
terminus but rather to N terminal domain, including the FAD
binding and LIM domains. This region overlaps with the site-
mediating interactions between N-terminal and C-terminal
MICAL. Therefore, it is possible that Plexin binding results in
conformational changes that allow CRMP to bind. Alternatively,
CRMP binding may function to displace the N- and C-terminal
interactions independently, or in concert with Plexin.

Analyses of the crystal structure of the FAD-binding monoox-
ygenase domain of mouse MICAL1 revealed that the enzyme is
most stable in the “out” conformation in which the bound FAD is
oxidized (Nadella et al., 2005; Siebold et al., 2005). Addition of
NADPH leads to the reduction of FAD and a structural change to
the “in” conformation. Unlike other hydroxylases, such as
PHBH, the reduced isoalloxizine ring of FAD is exposed to bulk
solvent in the “in” conformation, which results in a decay to
hydrogen peroxide and oxidized FAD in the absence of substrate
(Fraaije and Mattevi, 2000; Nadella et al., 2005; Siebold et al.,
2005). Therefore, a tight coordination of NADPH binding and
accessibility of substrate is required for effective enzymatic func-
tion (Siebold et al., 2005). Our preliminary observations suggest
that the C-terminal domain of MICAL attenuates enzymatic ac-
tivity by reducing NADPH affinity. We determined that MICAL
C-terminal region binds near the MICAL LIM domain and not
the enzyme domain. However, it is possible that a C-terminal–
LIM region interaction leads to a general conformational change
that indirectly alters NADPH affinity.

We also present data that raise the possibility that CRMP res-
idues are a substrate for MICAL hydroxylase activity. Structural
data predict that MICAL differs from other hydroxylases in that a
substrate(s) is likely macromolecular, such as a protein, rather
than a small molecule (Entsch and van Berkel, 1995; Siebold et al.,
2005). After reduction of the FAD and a change to the “in” con-
formation of the enzyme, a channel opens up on the surface of
MICAL allowing for the active site to be accessible to residues on
protein side chains (Siebold et al., 2005). The method we used to
measure MICAL activity is an indirect enzyme-linked assay that
measures hydrogen peroxide production. Addition of CRMP re-
duced the production of hydrogen peroxide of constitutively ac-
tive MICAL; however, this reduction was not a result of NADPH
kinetics. Therefore, CRMP may bind to the active site of MICAL,
thus protecting the reduced FAD from molecular oxygen in so-
lution and preventing the decay to hydrogen peroxide. Surpris-

ingly, constitutively active CRMP1, mCRMP1(49 –56), had a
lower effective concentration than wild-type CRMP1. Although
the mechanism of CRMP constitutive activity has not been deter-
mined, it is thought that residues mutated within the N-terminal
“upper lobe” leads to an active conformation (Deo et al., 2004).
An intriguing possibility is that residues within this region phys-
ically interact with the MICAL enzymatic domain, and CRMP
may be a MICAL substrate.

Alternatively, CRMP may recruit a substrate to MICAL. Our
previous studies revealed that CRMP tetramers share a high se-
quence homology with the dihydropyrimidinase family of en-
zymes, and the crystal structure of CRMP tetramers has a high
structural homology to D-hydantoinase, both members of the
metal-dependent amidohydrolases (Wang and Strittmatter,
1997; Deo et al., 2004). However, CRMP proteins lack detectable
enzymatic activity because of the fact that residues critical for
metal-binding and catalytic activity are missing in CRMP (Deo et
al., 2004). It cannot be ruled out that CRMPs retain the ability to
bind pseudo-substrate molecules and then present them to the
enzymatic domain of MICAL.

Because CRMP and the MICAL C-terminal domain bind to
an overlapping region near the LIM domain, an attractive model
for the mechanism of MICAL-CRMP-Plexin complexes mediat-
ing signaling can be formed. Plexin binding to the C terminus of
MICAL has a dual effect such that the CRMP-binding region is
exposed and NADPH can bind, thus activating the hydroxylase
activity. Such a model accounts for the coordination of enzyme
activation and substrate presentation. The multiple protein inter-
action domains of MICAL suggest that it plays a role in mediating
a large signaling complex (Suzuki et al., 2002; Terman et al., 2002;
Weide et al., 2003; Fischer et al., 2005). Thus, it is likely a similar
mechanism may exist for multiple signaling pathways, such as
�1-integrin signaling through CasL or the modulation of vesicle
trafficking between Golgi and endoplasmic reticulum via Rab1.

Additional studies will be needed to elucidate the functional
role of MICAL monooxygenase activity in Sema3 signaling. The
simple generation of reactive oxygen species should not be ruled
out as a possible mechanism of action (Ventura and Pelicci, 2002;
Nadella et al., 2005). This may occur in addition to the modifica-
tion of protein substrates depending on the context of signaling.
Oxidation of proteins is generally thought to have toxic effects;
however, there is precedence for it in cellular signaling (Finkel,
1998). For example, the activities of the small monomeric
GTPases, Ras and Rac1, have been shown to be regulated by
redox signaling (Lander et al., 1997), and oxidation of actin itself
can regulate the dynamics of actin filaments (Pollard and Borisy,
2003). In any case, our results demonstrating the autoregulation
of enzymatic activity and the identification of CRMP proteins as
potential substrates help us to elucidate novel mechanisms for
Sema3A signaling. These results identify new directions for fu-
ture research.
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