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Semaphorins are extracellular cell guidance cues that govern
cytoskeletal dynamics during neuronal and vascular development.
MICAL (molecule interacting with CasL) is a multidomain cytosolic
protein with a putative flavoprotein monooxygenase (MO) region
required for semaphorin-plexin repulsive axon guidance. Here, we
report the 1.45-Å resolution crystal structure of the FAD-containing
MO domain of mouse MICAL-1 (residues 1–489). The topology
most closely resembles that of the NADPH-dependent flavoenzyme
p-hydroxybenzoate hydroxylase (PHBH). Comparison of structures
before and after reaction with NADPH reveals that, as in PHBH, the
flavin ring can switch between two discrete positions. In contrast
with other MOs, this conformational switch is coupled with the
opening of a channel to the active site, suggestive of a protein
substrate. In support of this hypothesis, distinctive structural
features highlight putative protein-binding sites in suitable prox-
imity to the active site entrance. The unusual juxtaposition of this
N-terminal MO (hydroxylase) activity with the characteristics of a
multiprotein-binding scaffold exhibited by the C-terminal portion
of the MICALs represents a unique combination of functionality to
mediate signaling.

axon guidance � hydroxylase � monooxygenase � protein structure �
signal transduction

To find their way through the developing nervous system, axonal
growth cones must sense and respond to guidance cues in their

environment. Plexins act as the signal transducing receptors for
semaphorins, a family of secreted and cell surface-attached proteins
best characterized by their chemorepulsive role in axon guidance
(1). The extracellular portions of semaphorins and plexins share a
distinctive �-propeller fold termed the sema domain (2, 3); the
plexin cytosolic regions are of unknown structure. Molecules of the
MICAL [molecule interacting with CasL (4)] family link signaling
from the cytosolic regions of class A plexins to the cytoskeleton (5).
MICALs are conserved from flies to mammals, with one MICAL
gene identified in Drosophila and three (MICAL-1, MICAL-2, and
MICAL-3) found in mammals, each with several isoforms (6).
MICALs are large (�1,000 aa), multidomain, cytosolic proteins
expressed in specific neuronal and nonneuronal (thymus, lung,
spleen, and testis) tissues both during development and in adult-
hood (4).

From sequence analysis, it has been shown that MICALs contain
two protein–protein interaction domains implicated in signal trans-
duction and cytoskeletal organization, a calponin homology (CH)
domain (7) and a LIM domain (8), plus a proline-rich region for Src
homology 3 (SH3) domain recognition that mediates interaction
with CasL, a multidomain docking protein localized at focal adhe-
sions and stress fibers (4). Human MICAL-1 associates with the
small GTPase Rab1 (6, 9) and with vimentin (4), a major compo-
nent of intermediate filaments. In addition to the SH3 domain-
binding motif, the C-terminal region (of �250 residues) contains

coiled-coil motifs and binds the cytosolic domain of class A plexins
(5). Thus, the MICALs are protein-binding scaffolds, but, uniquely,
they combine this property with a highly conserved N-terminal
region of some 500 residues, characterized by sequence analyses and
functional studies as a putative flavoprotein monooxygenase (MO)
required for semaphorin-plexin-mediated axon guidance (5).

Flavoenzymes bind the cofactor FAD as an integral part of their
structure. Despite �20% sequence identity between disparate
members of this family, they share a similar fold and essentially
identical FAD-binding sites (10). In contrast, the catalytic reactions
carried out by the flavoenzymes are varied, and their active-site
architectures differ accordingly. The structure of p-hydroxybenzo-
ate hydroxylase (PHBH) provides the paradigm for the flavopro-
tein MO (hydroxylase) subset of flavoenzymes (11). Flavoprotein
MOs act on a broad range of small molecules (e.g., p-
hydroxybenzoate, steroids, and amino acids). The substrate(s),
mode of action, and, indeed, function of the putative MO region in
the MICALs are unknown.

Our structural and biophysical analyses on the N-terminal por-
tion of murine MICAL-1 confirm that this region has the archi-
tecture and characteristics of a flavoenzyme of the MO family,
demonstrate the enzymatic activity to be NADPH-dependent, and
reveal a mechanism for controlled substrate access to the active site,
which is strongly indicative of large (potentially protein) substrates.

Methods
Protein Expression and Purification. The mMICAL489 expression
construct (amino acids 1–489 of the mouse MICAL-1 gene plus
C-terminal His-tag) was generated by ligation-independent cloning
(Gateway Technology, Invitrogen), overexpressed in Escherichia
coli (DE3)pLysS (Novagen), and purified with Ni affinity and
size-exclusion chromatography; all stages used the high-throughput
pipeline of the Oxford Protein Production Facility (see Supporting
Text, which is published as supporting information on the PNAS
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web site). Before crystallization, the protein solution was concen-
trated to 10 mg�ml in 10 mM Tris�HCl, pH 7.5�200 mM NaCl.

Crystallization and Data Collection. Crystallization trials by sitting
drop-vapor diffusion (drop size of 200 nl) used previously reported
robotic technologies and protocols (12). mMICAL489 crystallized at
20°C in 0.1 M Na acetate, pH 4.6�30% (wt�vol) polyethylene glycol
2000 monomethyl ether�0.2 M ammonium sulfate. A native crystal
frozen in reservoir solution plus 20% glycerol diffracted to 1.45 Å
at the European Synchrotron Radiation Facility (ESRF)-ID29
(88.3% complete with an Rmerge of 0.058). A single anomalous
dispersion (SAD) data set was collected at ESRF-ID23 from a
native crystal soaked in p-chloromercurybenzoate-saturated crys-
tallization solution for 1 h. Crystals of the reduced form were
obtained by soaking a native crystal in crystallization solution
containing 15 mM NADPH for 1 min. Data to the diffraction limit
(2.9 Å) were collected on a MAR345 imaging plate detector (MAR
Research, Hamburg) mounted on a microfocus Micromax 007
generator with a confocal multilayer (Rigaku, Tokyo�MSC, The
Woodlands, TX). X-ray data were processed and scaled with HKL
(13) (see also Table 1, which is published as supporting information
on the PNAS web site).

Structure Determination and Analysis. The structure was determined
by SAD analysis. The positions of 20 mercury atoms were deter-
mined by using SHELXD (14) with a correlation coefficient of 49.3%
(correlation coefficient, weak � 27.1%). This solution was input
into AUTOSHARP (15) for phase calculation and improvement
(figure of merit � 0.37–2.3 Å). An initial model was built auto-
matically by using RESOLVE (16) and completed by hand using O
(17). After a few cycles of refinement with REFMAC5 (18), the
structure was used as a molecular replacement model in EPMR (19)
against the native data to 3 Å. This solution was input into
ARP�WARP (20) for automated model building and manually ad-
justed and refined by using O and REFMAC5. The final model of
mMICAL489 (residues 7–489, one FAD molecule, a sulfate, and a
chloride ion) has an R factor of 0.179 [Rfree � 0.219; rms deviation
(rmsd) bond lengths of 0.012 Å] using all data between 30 and 1.45
Å. The 2.9-Å structure of the reduced form was determined by
molecular replacement using EPMR and was refined with REFMAC
and O. The structures have no residues in disallowed regions in the
Ramachandran plot. Additional crystallographic statistics are pro-
vided in Table 1, and sample electron density is provided in Fig. 7,
which is published as supporting information on the PNAS web site.

Results
Crystal Structure and Topology. The crystal structure of mMICAL489
contains two molecules (each with residues 7–489 and the cofactor
FAD) per crystallographic asymmetric unit, which are essentially
identical (rmsd on 476 C� pairs � 0.42 Å). mMICAL489 folds into
a compact structure of three distinct domains and a C-terminal
linker region (Fig. 1A). The N-terminal 85 residues form a four-
helix bundle that rigidly abuts the core structure. Solvent-exposed
arginine, lysine, and histidine residues from this domain (Lys-52,
-61, -66, -69, and -86; Arg-35 and -70; His-11, -13, and -49) make an
extensive patch of basic charge on the surface (Fig. 1B). This area
of positive electrostatic potential is a very striking feature and gives
mMICAL489 a basic charge. The spatial arrangement of the four
helices does not correspond closely to any other known structures,
although, intriguingly, the nearest equivalent found by the Dali
server (www.ebi.ac.uk�dali) is the tetratricopeptide repeat of col-
lagen prolyl 4-hydroxylase (rmsd of 3.9 Å for 57 C� atoms with 9%
sequence identity, PDB ID code 1TJC), a motif implicated in
protein–protein interactions. The C-terminal region (residues 445–
489; Fig. 1A) is also tightly interfaced to the core structure and is
well ordered to Glu-489, the last mMICAL-1 residue in the
expression construct.

The core of the mMICAL489 structure comprises 358 resi-

dues and is formed jointly by the FAD-binding domain (residues
86–234 and 367–444; Fig. 1 A) and the MO domain (residues
235–366; Fig. 1 A). The closest structural matches are with
PHBH (rmsd of 2.9 Å for 291 C� atoms with 10% sequence
identity, PDB ID code 1PBE) and phenol hydroxylase (rmsd of
3.7 Å for 310 C� atoms with 14% sequence identity, PDB ID
code 1PN0). The FAD-binding and MO domains are connected
by a long, two-stranded �-sheet with the MO domain inserted
between �-strands 9 and 15 of the FAD-binding domain. The
normally rather complicated topology of homologous structures
such as PHBH, where the polypeptide chain passes several times
between the FAD-binding domain and the MO domain, is absent
(Fig. 2 A and B). This simplified topology arises because a
substantial portion of the MO domain of PHBH (and other
MOs) is missing from the mMICAL489 structure (Fig. 2 C and
D), a structural difference that may significantly affect function.

The central part of the FAD-binding domain consists of a
predominantly parallel �-sheet (�-strands 5, 2, 1, 8, 17, 16, and 18;
Figs. 1A and 2A) flanked on one side by several �-helices (helices
5, 8, 15, and 16) and on the other by a �-hairpin (�-strands 6 and
7), followed by the short helix �9. The main feature of the MO
domain is a large, five-stranded, antiparallel �-sheet (�-strands 11,
12, 13, 10, and 14). An edge strand in this sheet (�11) is only well
ordered in the heavy-atom soaked crystal structure (where it is
involved in lattice contacts). In the high-resolution crystal structure
of the native molecule, the electron density and crystallographic B
factors indicate that this secondary structure element is very
flexible in both copies of the molecule. The upper surface (Fig. 1A
orientation) of the antiparallel �-sheet is capped by three helices
(�10, �12, and �13); the bottom surface forms hydrogen bonds and

Fig. 1. Crystal structure of mMICAL489. (A) Stereoview of mMICAL489 with
four-helix bundle domain (1–85, green), FAD-binding domain (86–234 and
367–444, slate), �� domain (235–366, orange) and linker region (445–489,
red) shown. The FAD molecule is depicted as sticks. (B) Solvent-accessible
surface of mMICAL489 colored by electrostatic potential contoured at �15 kT
using GRASP (36) (red, acidic; blue, basic). Left-hand view is shown, as in A. The
asterisk marks a patch of basic potential.
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hydrophobic interactions with the FAD-binding domain and inter-
acts with the isoalloxazine ring of the FAD. The total surface area
buried in the interface between the MO and FAD-binding domains
is 1,950 Å2.

The FAD-Binding Site. The FAD cofactor is well ordered for all
copies of mMICAL489 in the heavy-atom soaked and high-
resolution crystal structures. As observed in other flavoproteins
(10), it is bound in an extended conformation with the isoalloxazine
of the flavin located at the interface between the FAD-binding
domain and the MO domain (Fig. 1A). The adenine dinucleotide
portion of the FAD is deeply embedded within the FAD-binding
domain. The adenosine moiety abuts the parallel �-sheet of the
domain, in the pocket formed between the end of strand �1 and
the start of �2. As predicted from sequence analysis (5), this part
of the MICAL fold (�1�5�2) is an example of the dinucleotide-
binding Rossmann fold. The central part of this domain requires the
consensus motif GXGXXG (21), which, in mMICAL489, corre-
sponds to Gly-91, Gly-93, and Gly-96 (Fig. 8, which is published as
supporting information on the PNAS web site). The N terminus of
helix �5 points toward the FAD pyrophosphate moiety, providing
charge compensation. The main-chain nitrogen atoms of Cys-95
and Asp-393, the side chain of Arg-121, and four water molecules
(Fig. 3) form a network of hydrogen bonds to the two phosphate
groups. The extended conformation of the adenine dinucleotide
portion of the cofactor is further stabilized by one of the phosphate

oxygen atoms forming a hydrogen bond to the second ribityl
hydrogen group. The side chain of Glu-114 interacts by means of
hydrogen bonds with the two OH groups of the AMP ribosyl
moiety, and, finally, the position of the adenine moiety is stabilized
by hydrogen bonds to the main chain of Phe-181 and a water
molecule (Fig. 3).

The three rings of the isoalloxazine form an almost perfect plane,
and the flavin adopts a conformation that partially exposes the ring
system to bulk solvent. This position is stabilized by ring stacking
between the re side of the isoalloxazine and the side chain of
Trp-400 so that the indole system forms a coplanar �-complex with
the isoalloxazine. The si face of the isoalloxazine makes van der
Waals interactions to Ile-157. The flavin O(4) hydrogen-bonds to
the side-chain OH of Tyr-293, while the side-chain nitrogen of
Asn-123 forms a hydrogen bond to the flavin N(5). The Asn-123
side-chain oxygen is coordinated by a network of hydrogen bonds
(residues Asn-243, Thr-291, and Asp-360) whose proton donor and
acceptor contributions lock the orientation of the Asn-123 side
chain so that the nitrogen acts as a hydrogen-bond donor to the
flavin N(5), implying that the isoalloxazine is in the oxidized state.
A network of hydrogen bonds involving the side-chain OH of
Tyr-293, the main-chain oxygen of Val-124, three water molecules
(Fig. 3), and the N(1), O(2), and N(3) atoms of the isoalloxazine
satisfy the remaining hydrogen-bonding potential of the ring sys-
tem. Hydrogen bonds from the side chain of Asp-393 and a water
molecule to one of the ribityl oxygen atoms provide the final
contributions to the stability of this flavin conformation.

In PHBH, the flavin ring can adopt two very different positions,
corresponding to ‘‘out’’ and ‘‘in’’ conformations (11, 22, 23), and the
ability to switch between these two conformations is essential for
the catalytic activity. Comparison with PHBH shows that the flavin

Fig. 2. Structural comparison of mMICAL489 and PHBH. (A) Topology of
mMICAL489 (�-strands, arrows; �-helices, cylinders). Domains are colored as in
Fig. 1A. Dotted lines denote unique structural elements. The gray-shaded area
is deleted in the human splice isoform MICAL-1B (6); this deletion appears to
be incompatible with formation of a stable molecule. (B) Equivalent diagram
for PHBH. (C) Solvent-accessible surface of mMICAL489 with parts unique to
mMICAL489 (compared with PHBH) highlighted in violet (orientation is as in
Fig. 1A). (D) Solvent-accessible surface of PHBH (oriented to superpose on
mMICAL489) with parts unique to PHBH (compared with mMICAL489) high-
lighted in cyan.

Fig. 3. Schematic representation of the FAD–apoprotein interactions in
mMICAL489. View on the si face of the flavin with the FAD and interacting
residues depicted as sticks [N, blue; O, red; P, violet; S, yellow; C (protein),
orange; C (FAD), gray] and water molecules shown as cyan spheres. H bonds
are shown in green with lengths in Å. Red ‘‘eyelashes’’ show hydrophobic
interactions.
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ring in the high-resolution mMICAL489 structure is in the out
position (24). In contrast, the position of the flavin ring in most MO
structures corresponds to the in conformation of PHBH (10), which
places the reactive isoalloxazine in position to contribute to catal-
ysis. Some MOs are permanently locked into the in conformation,
but, for the PHBH family of hydroxylases, the ability to switch
between in and out conformations is essential to allow access to the
active site for substrate binding and product release. The catalytic
cycle of the PHBH family also depends on NADPH (to reduce the
flavin, which is then returned to an oxidized state during catalysis),
and a comparison of the PHBH and mMICAL489 structures
indicates that PHBH residues implicated in NADPH binding [by
biochemical analyses of PHBH mutants (25, 26)] are conserved in
mMICAL489 (Fig. 8). We therefore investigated whether mMI-
CAL489 had NADPH-binding properties.

NADPH Triggered Changes in FAD Conformation. We found that
addition of NADPH to mMICAL489 in solution results in an
instantaneous loss of the yellow color that characterizes samples
containing this flavoprotein. Mass spectrometry indicates that the
NADPH is oxidized to NADP� (data not shown). Soaking a
mMICAL489 crystal in 15 mM NADPH resulted in a loss of color
and a rapid deterioration in crystal quality; however, x-ray diffrac-
tion data were successfully collected (albeit at a reduced resolution
of 2.9 Å; see Supporting Text). The resultant electron density maps
showed no evidence for a bound NADPH [the transient nature of
this interaction has precluded direct visualization of the complex
with any native PHBH-type flavoenzyme, although a complex has
been reported for a mutant PHBH (24)]. However, the flavin ring
had clearly switched position (presumably as a result of an inter-
action having taken place between NADPH and mMICAL489; Figs.
4 A and B and 7C). The change in FAD position is at full occupancy
for one of the two copies of mMICAL489 in the crystallographic
asymmetric unit, whereas for the second copy, both conformations
are observed (and refined as such). All further analysis of the

NADPH soaked crystal structure of mMICAL489 (mMICAL489*)
presented here is based on the single conformation copy.

The isoalloxazine ring, positioned in the out conformation in the
native (high resolution) crystal structure, occupies an in conforma-
tion (corresponding to that observed for PHBH) in mMICAL489*
(Fig. 4). The position of the adenine dinucleotide portion of the
FAD remains unchanged, clamped within the FAD-binding do-
main. The pivot point for the two FAD conformations is provided
by the ribityl, which has the properties of a flexible hinge within the
cofactor, allowing the orientation of the isoalloxazine ring to switch
by some 20° between conformations (Fig. 4 A and B). In the
mMICAL489* structure, the isoalloxazine is buried at the interface
of the MO and FAD-binding domains, in part occupying a cavity
filled by three water molecules in the native crystal structure. The
interactions of the flavin for the in conformation are detailed in Fig.
4 C and D and also in Fig. 9, which is published as supporting
information on the PNAS web site. New hydrogen bonds are
formed from the main-chain oxygen and nitrogen of His-126 to the
N(3) and O(4) atoms of the isoalloxazine, respectively. The O(2)
atom is coordinated by hydrogen bonds to the main-chain nitrogens
of Gly-404 and Thr-405. N(5) is involved in a network of hydrogen
bonds with the main-chain oxygen of Trp-400, a water molecule,
and the hydroxyl group of Tyr-293. The isoalloxazine ring adopts a
‘‘butterfly’’ conformation with an angle between the two wings of
155° (Fig. 4 B and D), indicative of a switch to the reduced state.
Furthermore, the changes in environment and hydrogen-bond
network are consistent with stabilization of a reduced flavin, with
the hydrogen bond between the side-chain nitrogen of Asn-123 and
the isoalloxazine N(5) replaced by a hydrogen-bonding acceptor,
the main-chain oxygen of Trp-400 (Fig. 4 C and D).

How might the interaction of mMICAL489 with NADPH trigger
the repositioning of the cofactor? In the oxidized state, the out
conformation of the flavin is stabilized by ring stacking between the
isoalloxazine and Trp-400. The inability to form this coplanar
�-complex on reduction of the flavin, combined with the change in
the hydrogen-bonding properties of the isoalloxazine N(5), provides
a plausible mechanism to trigger the switch to the in conformation.
The observed (i.e., reduced) flavin ring conformation fits snugly
with the MO and FAD-binding domain interface for the in con-
formation, whereas a modeled planar (i.e., oxidized) conformation
generates steric clashes. Trp-400 appears to play a role comparable
to that of the flavin-shielding aromatic residue that regulates
electron transfer in the flavoenzyme-NADP� reductase family
(27). In this case, Trp-400 would stabilize the flavin ring in the out
conformation before being displaced during attack on the reface of
the isoalloxazine ring by NADPH.

Domain Reorientation in Response to the Flavin Redox State. Several
secondary structure elements that make major contributions to the
active site in PHBH are missing in mMICAL489 (Fig. 2). Con-
versely, the PHBH substrate-binding cavity, when mapped to the
equivalent position in native mMICAL489, is filled by the side chains
of residues Tyr-287 and Tyr-293, which remains the case in the
mMICAL489* structure. However, there are significant changes in
the overall structure of the protein in response to the switch in flavin
conformation between in (primed for catalytic activity) and out
(positioned for NADPH interaction). The relative orientation of
the MO and FAD-binding domains differs by 6.5° between the
native mMICAL489 and mMICAL489* structures (Fig. 5A). No such
rigid body shift is observed in PHBH or related hydroxylases.

Two unique structural features of mMICAL permit the domain
reorientation. First, in other MOs, the interactions to the isoallox-
azine are made exclusively by residues of the FAD-binding domain,
but, in native mMICAL489, Tyr-293 hydrogen-bonds to the flavin
O4. The loss of this hydrogen bond on reduction of the flavin may
be a major factor driving the rearrangement of the interface
between the MO and FAD-binding domains. Secondly, the inter-
face between the MO and FAD-binding domains is inherently less

Fig. 4. Comparison of the reduced and oxidized forms of mMICAL489. (A and
B) Superposition of the two forms. The FAD molecules are drawn as balls and
sticks (carbons of oxidized mMICAL489, cyan; carbons of reduced mMICAL489,
orange). The main chain of the oxidized form is depicted as a ribbon. B is
rotated by 90° about the x axis relative to A. (C and D) Coordination of the
isoalloxazine ring in the oxidized (C) and reduced (D) forms viewed from a
common orientation. The isoalloxazine ring and selected residues are de-
picted as sticks (orange, carbon of reduced isoalloxazine; gray, protein car-
bon), waters are shown as spheres, and H bonds are shown as yellow dashes.
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rigid in mMICAL because of the less complex fold topology (Fig.
2A). The MO domain is formed by a single insert in the FAD-
binding domain, allowing �-strands 9 and 15 to act as a simple hinge.
The ability of the MO domain to reorientate in response to the
oxidation state of the flavin has important implications for sub-
strate access to the active site.

A Gated Mechanism for Substrate Access to the Active Site. The
catalytic activity of flavoenzymes depends on substrate being
brought into close proximity with the N(5) and C(4a) atoms of the
reduced isoalloxazine ring (10) (Fig. 4D). For the in (active)
conformation of the PHBH family, the reduced ring is embedded
in the interface between the MO and FAD-binding domains, with
the small molecule substrate-binding pocket abutting the N(5) and
C(4a) atoms. The active site is thus shielded from bulk solvent (as

required for a redox reaction), but a mechanism is needed to load
substrate into the binding pocket.

In PHBH, the out conformation allows substrate access to the
active site (22, 23). The equivalent route in mMICAL-1 is closed off
by Asn-123, which hydrogen-bonds N(5) in the out conformation
(Fig. 5B). However, the 6.5° domain reorientation triggered by the
change in oxidation state of the flavin (and the associated switch
from out to in conformation) opens a channel that leads directly
from the molecular surface to the heart of the active site (Fig. 5C).
The residues lining this channel are highly conserved across all
members of the MICAL family (Fig. 10, which is published as
supporting information on the PNAS web site), suggesting that it is
of functional importance. The length and width of this channel are
sufficient to allow insertion of a substrate amino acid side chain. The
channel opens out on the opposite side of the mMICAL surface to
that occupied by the putative NADPH-binding site (Fig. 5D). This
direction is not one typically used for substrate access in the
hydroxylases; however, a channel running from this surface to the
active site is used for substrate access in polyamine oxidase (28).

Discussion
Mutagenesis of the fly MICAL dinucleotide-binding motif, essen-
tial for FAD-binding and catalytic activity in other MOs (29),
indicated that the MICAL N-terminal region is essential for
semaphorin signaling in vivo (5). The results reported here establish
that this region has a structure consistent with the flavoprotein MO
(hydroxylase) subset of flavoenzymes and imply that it is enzymat-
ically active with a catalytic cycle dependent on binding NADPH.
This 500-residue region shows a high level of sequence identity
between all MICALs both within and across species (e.g., 62%
between fly and human MICAL-1; Fig. 10); thus, all of these
molecules are likely to show similar enzymatic activity. This pre-
diction is consistent with the finding that the green tea-derived
compound epigallocatechin gallate, a specific inhibitor for
NADPH-dependent hydroxylases such as PHBH, abrogates mam-
malian Sema3A-mediated axon repulsion and growth cone collapse
in vitro (5). The addition of the MICALs to the flavoprotein MO
family introduces the hydroxylase functionality to a completely
different type of molecule: one that is multidomain, bears a
plethora of protein-binding sites, and is implicated in signal trans-
duction. Classically, the substrates of the hydroxylases (for example,
PHBH) have been small molecules (30), but several lines of

Fig. 6. Domain organization of MICAL. In Upper, the domain structure of
murine MICAL-1 is mapped onto a bar representing the linear sequence. The
boundaries for the enzymatic (MO) domain (red) are taken from the
mMICAL489 crystal structure. Boundaries for the CH (blue) and LIM (magenta)
domains are defined from sequence alignments with homologous structures.
A Src homology 3 (SH3) domain-binding motif is marked in yellow. Two
coiled-coil regions are highlighted in orange, and potentially flexible linker
regions are indicated by black lines above the bar (region 1, 486–512; region
2, 635–679; region 3, 830–883). Lower shows, to scale, the available structural
information: CH domain, LIM domain, SH3 domain-binding motif, and exam-
ples of coiled coil (PDB ID codes 1BKR, 1IML, 1N5Z, and 1I84, respectively).
Structures are orientated sequentially, with N and C termini marked.

Fig. 5. NADPH-induced conformational changes of mMICAL489. (A) Stereo-
view of the superposition of oxidized and reduced (gray) mMICAL489. FAD
molecules are drawn as sticks. The oxidized form is colored red where there are
significant differences between the structures, whereas blue parts are super-
imposable [significance level is defined by default criteria of the program ESCET

(37)]. (B and C) Cavities in the oxidized (B) and reduced (C) forms drawn as
chicken wire (red, oxidized; cyan, reduced). Both have identical depth slab and
orientation, centered on the MO�FAD-binding domain interface (protein
atoms are omitted for clarity). The asterisk marks the increase of cavity volume
in the reduced form (channel). (D) The solvent-accessible surface of
mMICAL489* with the channel entrance highlighted in red (orientation is as in
Fig. 1B). Potential NADPH-binding residues are colored cyan. A blue dotted
circle marks the patch of basic electrostatic potential. The orientation is as in
Fig. 1B.
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argument suggest that the MICALs may show a unique function-
ality, that of targeting protein substrate(s).

Unlike most wild-type hydroxylase crystal structures, the struc-
ture of mMICAL489 shows the isoalloxazine ring in the out position.
For mMICAL, this position appears to be a highly stable confor-
mation for the isoalloxazine ring when in the oxidized state and is
maintained by interactions with residues unique to the MICALs [in
particular, ring stacking interactions with Trp-400 and a hydrogen-
bonding network involving N(5) and Asn-123]. NADPH binding
and consequent reduction of the isoalloxazine ring [by hydrogena-
tion at the N(5) position to produce N(5)H] triggers a switch to the
in conformation of the mMICAL489* crystal structure. Structural
and fluorescence data (see Supporting Text) indicate that for
mMICAL489, in the absence of substrate, the in conformation is
inherently less stable, implying that docking of a macromolecular
substrate is tightly synchronized with the switch to the catalytically
active state. In flavoenzymes, the addition of oxygen to a reduced
isoalloxazine ring results in production of C(4a)-hydroperoxide
(30). At this point, unless the C(4a)-hydroperoxide and N(5)H
groups are sequestered from bulk solvent, there is rapid decay to
hydrogen peroxide and oxidized flavin. In the prototypic hydroxy-
lases, such as PHBH, this nonproductive reaction is avoided by the
complete burial of the isoalloxazine ring between the MO and
FAD-binding domains for the in conformation, but in the MICALs,
binding of a macromolecular substrate appears necessary to block
solvent access to the flavin C(4a)-hydroperoxide group. Phenylal-
anine and tyrosine are obvious candidate targets for a hydroxylation
reaction, because they are directly analogous to the PHBH small
molecule substrate p-hydroxybenzoate; however, biologically rele-
vant oxidative modification of other amino acid side chains can
occur (e.g., hydroxylation of lysine and proline, formation of
methionine sulfoxide, and modification of cysteine) (31). An ex-
tensive patch of basic potential (Fig. 1B), conserved in all MICALs,
is suggestive of a binding surface for a positively charged protein
substrate, and it is noteworthy not only that actin and many
actin-related proteins are highly acidic (32) but also that oxidation
of actin leads to disassembly of actin filaments and collapse of actin

networks (33). In addition to actin (which could be presented by
first binding to the CH domain of MICAL), candidate substrates
currently include many other components of the semaphorin-
mediated signaling cascade (34).

Regardless of the substrate identity, the MICALs must function
in a more complex fashion than the prototypic hydroxylases; their
multidomain architecture (Fig. 6) implies that enzymatic activity is
controlled by a hierarchy of protein–protein interactions. These
interactions could modulate the enzymatic activity indirectly, serv-
ing to control access to substrate by localization, to capture sub-
strate before active-site binding, or to juxtapose product with the
next element in the signaling cascade. However, intra- and inter-
molecular interactions appear likely to directly control the nature
and rate of enzymatic activity, because either NADPH binding
must be stringently regulated to occur only when substrate is
available or the active site must be sealed in the absence of substrate
(otherwise, MICALs would function as hydrogen peroxide pumps,
generating reactive oxygen species) (35). The protein-binding do-
mains of MICAL could play a role in this regulation. For example,
in the absence of substrate, the CH domain could switch off
enzymatic activity by stopping NADPH binding, but on interaction
with a cytoskeleton protein, the CH domain could reorientate to
allow NADPH binding and present the substrate for catalysis. The
structure of this hybrid family of flavoenzyme-signaling molecules
links plexin binding with hydroxylation of substrate. An elucidation
of the mechanism by which these two functionalities can modulate
each other must be the aim of further structural and functional
studies.
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