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FIGURE 2: The structure of the prehydrolysis state (M-ATP). The
y-phosphate of ATP is in a tetrahedral arrangement with its four
oxygen atoms, A water molecule involved in hydrogen bonding
with the y-phosphate is denoted as w, We assume that this water
is HOH1181 in the Fisher et al. structure (ref 5, IMMD). The 8-
and y-phosphate groups of ATP; Mg**, and the water molecule
are shown in ball-and-stick form. Covalent bonds are shown as
solid lines and hydrogen bonds and ionic interactions in dashed
lines. Phosphorus, oxygen, hydrogen, and magnesium are depicted
in yellow, red, blue, and green, respectively.

probably the electrical force between Arg-247 and the bound
triphosphate moiety helps to close the cleft and to signal
Trp-512. On the other hand, we felt that the close correlation
between the presence of Glu at position 470 and hydrolysis
probably meant that that particular residue had a role in
catalysis, From the foregoing beginnings, we now commence
to put together our hypothesis in the sequence that we
suppose will be easiest to verify.

" The Prehydrolytic State. Key features of relevant M-ATP
structure, i.e., of the situation at the active site, are in Figure
2 (abstracted from a Rayment snapshot of bound MgADP-
BeF,). Three oxygen atoms (1, 2, and 3) of the y-phosphate
group are bound and oriented by bound Mg?*, the side chains
of Asn-242 (Njz) and Ser-245 (O,) of Switch I, and Lys-
183 of the P-loop, respectively. A single molecule of water,
w), is attached to the guanidino group of Arg-247 MNy),
which interacts with a main chain carbonyl oxygen of Ser-
246 of .Switch I, and is attached to oxygen (3) of the
y-phosphate moiety of the bound nucleotide. (Note: The
orientation of w, is similar to that of a water molecule at
the active site of transducin G, complexed with GTPyS that
mimics the ground state of bound GTP (11)). Because earlier
we found a good correlation between the presence of Arg at
position 247 and the rate of substrate binding to the active
site (3), we speculated above that Arg-247 indirectly, perhaps
by its electrical force, interacts with the y-phosphate moiety
via wy, and so for this reason this positive residue is important
for binding substrate to the active site. In this ground state,
however, w; does not yet have the position to act (see below).

Closure of the Nucleotide-Binding Cleft. Figure 3 depicts
diagrammatically how we think this cleft closes: (A) repeats
the same stage depicted in Figure 2; (B) is an intermediate
stage; and (C) is the final stage. Comparison of the three
stages implies that on closure there is a big structural change
in Switch II {in light blue), but none in Switch I (in black).

In Figure 3A the cleft is still open, so the Switch II
residues, excepting Asp-465, do not interact with either the
bound nucleotide or the bound Mg?* at this stage. Mg?* is
very important in closure because of its location in the cleft.
It is central in chelating the 8- and y-phosphates of the
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FiGURE 3: The closing process of the nucleotide-binding cleft. A
series of diagrams show the disposition in space of the Switch II
strand (colored light blue) at three different times after nucleotide
binds to the active site: A, the early stage; B, the intermediate
stage; and C, the final stage. In the diagrams, we also show how
the y-phosphate moieties of bound nucleotide are associated with
the strand. We assume that w; in A is HOH1181 in the Fisher et
al. structure (ref 5, 1MMD) and that w; and w; in C take the place
of the terminal oxygen atom of the vanadate moiety and that of
HOHG697, respectively, in the Smith and Rayment structure (ref 6,
1VOM). Three curved arrows show the general direction in which
relevant Ramachandran angles change in the transition from the A
to the B state (the angle and the amount of its change are given).
The progressive attachments of the Switch H strand occur in the
sequence given by the circled numeral. Covalent bonds are shown
as solid lines and hydrogen bonds and ionic interactions in dashed
lines. Coordinated interactions with the Mg?* of bound nucleotide
are shown as green, thick dashed lines. Phosphorus, oxygen,
hydrogen, and magnesium are depicted in yellow, red, blue, and
green, respectively.

nucleotide, and in its coordination sphere are six ligands in
octahedral geometry. Also, Mg?* is connected with both the
P-loop via O, of Thr-184 and Switch I via O, of Ser-246.
Two water molecules are coordinated to Mg?t. One, wa,
interacts with the main chain carbonyl oxygen of Asn-244,
and also bonds to an oxygen atom of the ct-phosphate group.
One of the hydrogen atoms of another water molecule, w3,
interacts with the side chain of Asp-465 (Os,). This fact,
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and his own work on mutations, led Sutoh to suggest that
Asp-465 is important in nucleotide binding (24). We propose
that w, retains its attachment to Switch I, and that, by virtue
of the intervention of w; (which inserts between the Mg?*
agsociated with Switch I via the bound nucleotide and a
carboxyl oxygen atom of Asp-465 of Switch II), the closing
of the cleft is initiated. The three curved arrows in Figure
3A indicate the direction in which the relative Ramachandran
angles change in the transition between states. When Ile-
466 rotates (permitted by the flexibility of the Switch II loop)
in such a way that its Ramachandran angle ¢ increases by
'90°, the oxygen atom of its main chain carbonyl group moves
toward w3, and can now form a bond with the other hydrogen
atom of the w3, Accompanying changes in the ¢ angles of
Ala-467 and Gly-468 {(see Figure 3A) create an interaction
between the main chain amide hydrogen of Gly-468 and the
y-phosphate moiety of the bound nucleotide. (See Figure 3B.)
At this stage, w. first appears in the crystallographic image
of the phosphate pocket of the enzyme. 1t is hydrogen-bonded
to the main chain carbonyl oxygen of Gly-468, and to one
of the two oxygen atoms of the carboxyl group of Glu-470
{O.1). See Figure 3C. As earlier noted, Trp-512 is remotely
connected to Switch Il in the active site; it is at this stage
that Trp-512 is “informed” and increases its fluorescence.
(See Scheme 1.)

Although, strictly speaking, cbservations of the sort we
are citing cannot be put in cause-to-effect relations, cleft
closure is closely correlated in time with at least two other
important events. One is that, with closure, force appears to
be transmitted via the long o-helix, across the so-called
“converter” region, to what appears to be the myosin “lever
arm” (7). It is known that in a myosin “motor”, the
mechanical working (power) stroke is time-correlated with
the phosphate release step that follows hydrolysis (Figure
4). Also, Sutoh et al. {25) showed that a large angle change
of the lever arm occurring during M-ATP — M*-ATP is
necessary for the reverse of the power stroke motion. Other
events also associated with closure (to be discussed later)
are a hydrogen-bond interaction between Gly-468 and an
oxygen atom of the y-phosphate, and the formation of the
salt-bridge between side chains of Arg-247 and Glu-470—
all crucial for setting up catalysis,

The Transition State for Hydrolysis. In the snapshot
taken to represent the situation at the time of hydrolysis
{MgADP-VQ,~ bound to the active site}, the cleft is closed
and there are two molecules of water bound in the y-phos-
phate pocket (6). We suppose (Figure 3C) that movement
of Glu-470 permits its bridging toward the guanidino group
of Arg-247, which then releases its water, wy, destined to
become the “Iytic” water. One of the hydrogen atoms of this
water, initially bonded to an oxygen atom of the y-phosphate
group, then interacts with the oxygen atom of a new,
intruding water, w;. The other hydrogen atom remains
bonded to the main chain carbonyl oxygen of Ser-246. A
result of making this critical conjecture is that then w; ends
up partially positioned and oriented to carry out its attack
on the y-phosphorus {cf., the analogous location of the lytic
water in the active site of transition-state transducin G, (11)).
Even at this stage, however, our conjecture already responds
to certain requirements. It provides explanations of why two
water molecules are seen in the snapshot of the transition
state (6), why the ability of a system to catalyze hydrolysis
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FiGuRE 4: Some important transformations during the ATPase
cycle. Chemically, myosin (M) binds to ATP, hydrolyzes it to ADP-
P;, and releases the products. To function in muscle contraction
myosin must undergo (a) a conformational change that switches
between actin-binding and actin-release states, and (b) a confor-
mational change that swings the lever arm for contraction (“power
stroke™). Presumably, a sequence that must occur in muscle is (1)
the conformational change that allows release from actin, (2) the
conformational change that reverse swings the lever arm, (3) the
conformational change to the actin-binding state, and (4) the
conformational change that swings the lever arm in the power
stroke. In this article, however, we are only concerned with
conformational change (2) and the following hydrolysis. As the
product release from M**-ADP-P;, at which the power stroke
occurs, is greatly accelerated by actin, it seems reasonable to assume
that the transition to the actin-binding state occurs in the state M#**-
ADP-P,. However, the conformational change during this transition
is not well clarified yet. The reverse and power strokes occur at
the stages indicated. This figure also denotes the relationship of
myosin to actin (free or bound). The motor domain is depicted in
red, the converter in green, the lever arm in blue, the nucleotide-
binding cleft in yellow, and the actin filament in violet. A long,
conserved o-helix that connects between the binding cleft and the
converter is shown as a spiral in the motor domain.
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FIGURE 5: A mechanism for the change of the y-phosphate
configuration, The left and right diagrams represent the tetrahedral
and the trigonal bipyramidal structures, respectively, The B- and
y-phosphate of ATP, the Mg?*, and a water molecule are shown
as a ball-and-stick model. Oxygen atoms interacted with Mg?*, Ser-
245, and Lys-183 are denoted as 1, 2, and 3, respectively. Angles
of P,—0~N; of Lys-183 and Py—O—Nmain chuin of Gly-468, and
the distance between the y-phosphorus and the §—y bridging
oxygen are given from the crystal structures (1MMD for the left
diagram and 1VOM for the right diagram).

is tightly correlated to the presence of Glu at position 470
(3), and why the Rayment () surmise of a functional role
for a “water network™ was prophetic.

Although already partly positioned by w; and Ser-246, we
believe that w, is not yet at its final attack position and that
its final positioning results from the shift of the y-phosphate
structure from its tetrahedral to its trigonal bipyramidal
configuration. As already stated, we cannot assign cause-
to-effect relationships, but do think that the final positioning
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FIGURE 6: ‘The transfer of a proton from w to w; and the production of P; and H;O*. The left and right diagrams represent the structures
for the transition and posthydrolysis states, respectively. é* and &~ indicate positive and negative charges, respectively, which are induced
by the resonance structures of the peptide bond. Covalent bonds are shown as filled lines, and hydrogen bonds and ionic interactions in
daghed lines, The §- and y-phosphates of ATP, Mg?*, and two water molecules are shown as a ball-and-stick model.

ends a series of identifiable events. It will be recalled that
Gly-468 is the only residue whose interaction with the
y-phosphate is induced by the cleft closure. One of possible
speculations about the conformational change of the y-phos-
phate now follows. As is well-known, the normal angle of
separation between two oxygen bonds is about 105°. In the
prehydrolysis state (MgADP-BeF, bound to the active site),
this angle in P,—O—N; of Lys-183 is 118° (quasi normal)
(left, Figure 5). So, we suggest that when the cleft is open
(Gly-468 is away from the y-phosphate), the tetrahedral is
preferred over the trigonal bipyramidal configuration. In the
transition state for hydrolysis (MgADP-VO,~ bound to the
active site), the P,—O—N¢ angle becomes significantly larger,
viz., 130° (right, Figure 5). In contrast, the Ps—0O—N; angle
of the same Lys-183 remains essentially constant during thé
same transit (111° vs 114%). As cited earlier (Figure 3B),
the main chain amide nitrogen (Nmain chain) Of Gly-468 creates
an interaction with oxygen (3) of the y-phosphate during
the transit to the transition state. The P,—0O~Nnain chain angle
of Gly-468 was 131°, essentially the same as the new P,—
O—N; angle of Lys-183. This circumstance suggests a reason
why interaction of Gly-468 with the y-phosphate energeti-
cally disposes y-phosphate to leave from the bridging oxygen
between 8- and y-phosphates, and at the same time changes
its configuration. If this speculation is granted, several
observations are conveniently explained, e.g., why the
trigonal bipyramidal configuration is cobserved only in
structures in which the cleft is closed (3, 6), why the K183A3
system can catalyze hydrolysis even though Lys-183 is
involved in the catalysis (unpublished observations), and
why, as earlier observed (J), the G468A system exhibits
neither steady-state ATPase nor an initial phosphate burst.

“Two-Water” Hypothesis of How Mpyosin Catalyzes
ATPase. As described in the foregoing section, w; is now
oriented to carry out its attack on the y-phosphate, and, on
the other side, the y-phosphate is readied for the attack from
w) by changing its configuration into a trigonal bipyramidal.
Now, we deal with the question of how hydrolysis proceeds
to produce P; and ADP. No crystal structure of the post-
hydrolysis state is available, but we can make some guesses
about the passage from the transition state to the post-

# A mutant is represented by & one-letter expression of the original
amine acid residue prior to its sequence number, and that of the mutated
residue following to its number, i.e,, R183A, G468A, and N242A,
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hydrolysis state. Our proposal resembles catalysis by the
GTPase system. Coleman and Sprang (9) have reviewed the
latter system, explaining the participation of highly conserved
Gln and Arg (in Gio, GIn-204 and Arg-178). In our
hypothesis, Glu-470—w,—Gly-468 and Asn-242, respec-
tively, play analogous roles. The essential transformations
are depicted in Figure 6. On the left is the transition state,
and on the right is a state resulting from hydrolysis. When
the y-phosphate approaches, w, splits, the resulting hydroxyl
moiety attacks the y-phosphate (to form P;), and the resulting
proton transfers to w, (to form H;O™). The positive charge
developed at w; is stabilized by both the carboxyl group of
Glu-470 and the main chain carbonyl oxygen of Gly-468,
both of which are negatively charged (denoted as 7). After
P; leaves, the terminal oxygen atom of the S-phosphate group
of ADP is also ionized. This negative charge is neutralized
by the side chain of Asn-242(Nys;) and the main chain amide
of Gly-180, both of which are positively charged (denoted
as 0%). This model is consistent with crystallographic
observations suggesting that Asn-242 and Gly-180 both
interact with the bridging oxygen atom of the S-phosphate
(5, 6}, and also harmonizes with our results that in the N242A
system both steps of M**-ADP-P; — M*<ADP + P,; and the
displacement of M*-ADP are 10 times faster than in the wild-
type system (unpublished observations). Our proposal thus
resolves the long-standing conundrum about how catalysis
seems to be carried out absent an obvious hydrogen acceptor.

Earlier kinetic studies have shown that per mole of ATP
hydrolyzed at pH 8.0, one mole of protons is produced, at
the rate limitation corresponding to P; release (12, 13, 26).
Because protons in water exist as hydronium ions, the
appropriate chemical equation is

ATP*” + Mg** +2H,0 —
ADP’” +Mg"" + HPO,”” + H,0"

It seems important that our hypothesis accounts stoichio-
metrically for each of the chemical species in this equation.
These kinetic studies have also shown that for the enzyme-
bound system, the equilibrium constant for hydrolysis is near
to unity (12, 13, 26), so it is plausible to assume that at this
stage there is a rapid interconversion between similarly
weighted structures and thus to account for how experiments
in H»'20 yield '#0-labeling of more than one per mole (27—
29). This feature of the catalysis may or may not bear on
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Ficure 7: A chronological sequence of events during ATP
hydrolysis. The period of each event is shown as a gray zone. 1, 2,
3, 4, and 5 represent coordination of Asp-465 to Mg?* via wy,
Ramachandran angle changes at Ile-466, Ala-467, and Gly-468,
hydrogen-bonding of Gly-468 to an oxygen of the y-phosphate,
trapping of w; between Gly-468 and Glu-470, and salt-bridge
formation between Glu-470 and Arg-247, respectively.

how excess labeling of P; is interpreted. It is conceivable
that although the crystallographically observed number of
water molecules inside of the cleft is small, the actual number
of water molecules in free exchange with the cleft may be
large. In that case, the usual mechanism (interconversion and
randam labeling) can be invoked.

The name that we use for our proposal stems from our
thinking that, in essence, two contiguous water molecules
are involved in catalysis, i.e., one becomes the lytic water
and the other is the proton acceptor. However, as we have
attempted to show, this simplification is embedded in a
program of complicated, well-coordinated processes that
together constitute “myosin catalysis”. Some tracks in time
are shown in Figure 7. If we commence a myosin cycle with
the binding of ATP to an empty active site (forming of M-
ATP), we must think of the cleft closing, which is followed
by two processes. One is hydrogen-bonding of the main chain
nitrogen atom of Gly-468 to an oxygen atom of the
y-phosphate (denoted as 3 in Figure 7), which affects the
choice of the y-phosphate configuration. As a result, the
y-phosphorus begins its long travel from the §—y bridging
oxygen to w; in other words, inversion of the y-phosphate
begins. Other processes following cleft closing are Arg-247
and Glu-470 forming of the salt-bridge (denoted as 5 in
Figure 7), trapping of w, by its hydrogen-bonding with both
Glu-470 and Gly-468, w, leaving from the guanidino group
of Arg-247, and hydrogen-bonding between w; and w.
Finally, a nucleophilic attack of w; on the y-phosphate,
coupled with the proton transfer from w to w, occurs to
produce P; and H;0",

While plausible variants of the “two-water” idea are
conceivable, as are elaborations of the role of Lys-183 (30,
31), such a variant must contend with the experimental fact
that the mutated system with alanine in place of lysine still
accomplishes hydrolysis. Also, any variant must explain why
it is necessary to have glutamic acid at 470 to accomplish
hydrolysis.
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Insulin receptor tyrosine kinase substrate p53
(IRSp53) has been identified as an SH3 domain-contain-
ing adaptor that links Racl with a Wiskott-Aldrich syn-
drome family verprolin-homologous protein 2 (WAVE2)
to induce lamellipodia or Cdc42 with Mena to induce
filopodia, The recruitment of these SH3-binding part-
ners by IRSp53 is thought to be crucial for F-actin rear-
rangements, Here, we show that the N-terminal pre-
dicted helical stretch of 250 amino acids of IRSp53 is an
evolutionarily conserved F-actin bundling domain in-
volved in filopodium formation. Five proteins including
IRSp53 and missing in metastasis (MIM) protein share
this unique domain and are highly conserved in verte-
brates. We named the conserved domain IRSp53/MIM
homology domain (IMD). The IMD has domain relatives
in invertebrates but does not show obvious homology to
any known actin interacting proteins. The IMD alone,
derived from either IRSp53 or MIM, induced filopodia in
HeLa cells and the formation of tightly packed parallel
F-actin bundles in vitro. These results suggest that
IRSp53 and MIM belong to a novel actin bundling pro-
tein family. Furthermore, we found that filopodium-in-
ducing IMD activity in the full-length IRSp33 was regu-
lated by active Cdc¢42 and Racl. The SH3 domain was not
necessary for IMD-induced filopodium formation. Qur
results indicate that IRSp53, when activated by small
GTPases, participates in F-actin reorganization not only
in an SH3-dependent manner but also in a manner de-
pendent on the activity of the IMD.

Insulin receptor tyrosine kinase substrate p53 (IRSp53),?
also known as brain-specific angiogenesis inhibitor 1-associ-
ated protein 2, is a multifunctional adaptor protein enriched in
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the central nervous system (1-3). The protein contains a
unique N-terminal 250-amino acid stretch, a half-Cdc42/Rac
interactive binding (CRIB) motif, a proline-rich domain, a Sre
homology 3 (SH3) domain, and a WW domain-binding motif
(WWB). IRSp53 is directly regulated by Rho family small GT-
Pases Racl and Cde42 and provides a molecular link between
these GTPases and the actin cytoskeleton regulators Wiskott-
Aldrich syndrome protein (WASP) family verprolin homalogous
protein 2 (WAVE2) and mammalian enabled (Mena), which are
involved in the formation of lamellipodia (4, 5) and filopodia (6,
7. Active Cde4?2 binds to the half-CRIB motif (6, 7), whereas
Racl binds to the unique N-terminal domain (8). The associa-
tion of Racl or Cde42 is proposed fo liberate the C-terminal
SH3 domain masked intramolecularly by its N terminus,
thereby allowing the SH3 domain to interact with its binding
partners {4, 7, 9). Thus, the SH3 domain is thought to be
essential for IRSp53-mediated actin reorganization. However,
the N-terminal half of IRSp53 lacking the SH3 domain was
reported to induce neurite outgrowth in a neuroblastoma cell
line (6) and filopodia in B16 melanoma cells {10}, suggesting
that IRSp53 promotes actin reorganization 1ndependent1y of
SH3 domain-mediated intermolecular interactions.

Recently, a novel monomeric actin-binding protein, missing in
metastasis protein (MIM), containing a WASP homology 2 (WH2)
domain in the C terminus, was reported in human and mouse
(11-13) and found to share the unique N-terminal domain with
IRSp53 (13). We found that the N-terminal domains of MIM and
IRSp53 also share other characteristic features; the predicted
secondary structures are almost purely helical (see Ref 9 for
IRSp53), and the estimated isoelectric points are around 9. MIM
induces actin cytoskeleton reorganization in cultured cells. This
activity is not dependent on the C-terminal half (13), suggesting
that the N-terminal half containing the IRSp53 homologous do-
main plays a key role in actin reorganization.

Here we show that IRSp53 and MIM beleng to an evolution-
arily related protein family sharing a well conserved N-termi-
nal helical domain (IRSp53/MIM homology domain (IMD)) as a
key constituent. We investigated the role of the IMD in actin
reorganization. Our results indicate that the IMDs of IRSp53
and MIM induce filopodia in cultured cells and form tightly
packed F-actin bundles in vitro. The filopodium forming activ-
ity of the IMD in full-length IRSp53 is regulated by small
GTPases. Thus, upen association with active Racl or Cded2,
IRSp53 can induce actin cytoskeleton reorganization by dual
mechanisms: the SH3-mediated recruitment of F-actin regula-
tors and the action of the novel actin bundling domain in the N
terminus. Both mechanisms may work synergistically or addi-
tively in controlling cortical actin dynamics.
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Mt 200 SMLRPVJEEEISMLGEITH--#3TISEDLKSLTMEPHKLAsSSEQVILDYKGS 250
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F1c. 1. The N-terminal helical domains of IRSp53 and MIM are evolutionarily conserved. A, amino acid sequence alipnment of the N
terminus of known human proteins containing the IMD, The areas where all of the residues are identical are shown in black; highly conserved
residues are dark gray; weakly conserved residues are light gray. The numbered lines on the sequence show the predicted helical stretches of
IRSp53. The asterishs show conserved helix-breaking residues. B, schematic representation of the domain composition of human proteins
containing the IMD. IRSp53 contains a half-CRIB motif (CRIB), an SH3 domain (SH3), and a WWB, IRTKS lacks CRIB, whereas FLJ22582 lacks

both CRIB and WWB, MIM and ABBA-1 each contains a WH2 domain in

the C terminus. Truncated fragments of IRSp53 and MIM used in this

study are also shown. The positions of mutation in the SH3 domain are indicated by asterisks. C, unrooted tree of IMDs based on ClustalW
alignment. Species used: human (Hs), chicken (Gg), zebra fish (Dr), D. melanogaster (Dmy), and €. elegans (Ce). Members containing a WWB and
a half-CRIB motif are encircled by dotted circles and continuous circles, respectively. See supplemental Fig, 6 for a full version of the alignment,
which was further modified to improve the alignment in the N termini and to match with the predicted helical structures.

EXPERIMENTAL PROCEDURES

Data Base Search—Proteins homologous to TRSp53 and MIM were
identified in the GenBank™ data base using BLAST on the National
Center for Biotechnology Information web site and on the GenomeNet
web site. The details of sequences thus retrieved are described in the
supplemental data. The Clustalw engine at the GenomeNet Web site
was used to align amino acid sequences and to construet phylogenetic
trees. The secondary structures of proteins were predicted by 3D-PSSM
(14).

Plasmids—The IRSp53 expression vector pEF-BOS-Myc-IRSp53
(human iseform 1) was kindly donated by Dr. Miki (4). cDNAs encoding
full-length IRSp53 (amino acids {aa) 1-521), IRSp53-ASH3 (aa 1-364),
IRSp53-IMD (aa 1-250), and IRSp53-AIMD (aa 251-521) (see Fig. 1B)
were amplified by PCR and inserted .into pEGFP-C1 (Clontech),
pCEXN2-FLAG (15), and pGEX-4T3 or 6P3 (Amersham Biosciences)
vectors. The DNA fragments encoding IRSp53 where Arg was substi-
tuted for Trp**? or Ala for both Phe*®” and Pro**® in the SH2 domain,
hereafter referred to as IRSp53-W/R or IRSp53-FP/AA, were amplified
by PCR and ligated into pEGFP-C1. ¢eDNA of RaclV12, RaclN17,
Cdc42V12, or Cded2N17 was subcloned into pIRM21, an expression
vector expressing FLAG-tagged protein and internal ribosomal entry
site-driven dsFP593 (16). A ¢cDNA clone encoding the N-terminal frag-
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ment {aa 1-430) of human MIM was obtained by PCR from a human
brain eDNA library (Clontech). The cDNA encoding C-terminal MIM
(aa 400-755, KIAA0429) was obtained from the Kazusa DNA Research
Institute. The full-length MIM ¢DNA was amplified through overlap
PCR using these N- and C-terminal ¢cDNAs as templates, The ¢cDNAs
encoding the full-length human MIM (aa 1~755), MIM-IMD (aa 1-250),
and MIM-AIMD (aa 251-755) were inserted inte pEGFP-C1, pCEN2-
FLAG, and pGEX-4T3 or 6P3 vectors.

Cells and Transfection—HeLa cells and 2937T cells were cultured in
Dulbeceo's modified Eagle's medium containing 10% fetal bovine serum
and 2 mM L-glutamine, HeLa cells and 293T cells were transfected using
Lipofect AMINE (Invitrogen) according to the manufacturer’s protacol.

Antibodies and Immunofluorescence Analysis—Rhodamine-conju-
gated phalloidin and Alexa546-conjugated anti-mouse IgG were pur-
chased from Molecular Probes (Eugene, OR); anti-FLAG M2 antibody
was from Sigma-Aldrich. HeLa cells transfected with the plasmids
indicated in the figures and enltured for 15-18 h were fixed with 2%
formaldehyde in phosphate-buffered saline and permeabilized with
0.1% Triton X-100 in phosphate-buffered saline. The cells transfected
with plasmids expressing GFP-tagged proteins were counterstained
with rhodamine-phalloidin, The eells transfected with both GFP-tagged
protein-expressing vectors and FLAG-tagged small GTPase-expressing
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Fic. 2. The IMDs of IRSp53 and MIM induce filopodia. HelLa
cells were transfected with the GFP-tagged IMD of IRSp53 (panels
and b), that of MIM (parels ¢ and d), or GFP alone (panels e and /). The
GFP signal (left column) and F-actin visualized with rhodamine-phal-
loidin (right column) are shown. panels a', b', ¢’, and d' are enlarged
micrographs of rectangular areas of the corresponding figures. The
arrows in ¢ and d' show accumulation of MIM-IMD in filopodium/
microvillus-like protrusions. Scale bar, 20 um. All analyses of cellular
phenotypes in this study were based on ebservations of cells expressing
moderate levels of GFP-tagged IRSp53, MIM, or their fragments. High
expressers often showed a dendritic phenotype with severe retraction of
the cell body and thus were not used for the analyses.

vectors were immunostained with anti-FLAG M2 antibody followed by
an Alexab546-conjugated anti-mouse IgG. Fluorescence images were
obtained using a confocal microscope {(BX50WI, Fluoview, Olympus,
Tokyo, Japan) with a water immersion objective lens (LUMPlanT1 60X,
0.90 W). To show the entire cell morphology in detail, all of the cell
images shown were extended foeus images reconstructed from a series
of optical sections taken at 0.2-0.3-um intervals,

F-actin Binding and Bundling Assoys—F-actin was prepared from
rabbit skeletal muscle as described (17). Glutathione S-transferase
{GST) fusion proteins of various fragments of IRSp53 and MIM (see Fig.
1B) were expressed in BL21-Star (DE3) ¢ells (Invitrogen), purified
using glutathione-Sepharose (Amersham Biosciences), and then buffer-
exchanged into F buffer (25 mu Hepes, pH 7.5, 100 mm KCl, 0.2 mm
CaCl, 2 mm MgCl,, 2 mm EGTA, 0.2 mM ATP, 1 mM dithiothreitol)
containing 0.1% C,,E; (Nikko Chemicals, Tokyo, Japan). For binding
assays, purified GST-fused fragments were clarified by centrifugation
at 400,000 X g for 15 min to remove any aggregates, mixed with F-actin
in the F buffer, and incubated for 30 min on ice. The final concentration
of the GST fusions and F-actin were 1.2 and 5 pM (as for G-actin),
respectively. The mixture was then centrifuged as above, and equal
aliquots of the supernatant and the pellet were analyzed by SDS-PAGE
followed by Coomassie Blue staining. For quantitative analysis of F-
actin binding and bundling, the IMDs were cleaved out from the GST
fusions expressed by pGEX-6P3 vectors using PreScission Protease
{Amersham Biosciences) and further purified by cation exchange chro-
matography (Resource 8; Amersham Biosciences). To quantify F-actin
binding, increasing amounts of F-actin were incubated with 2 uM
IRSp53-IMD or MIM-IMD in the F buffer for 3 h at room temperature.,
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Fic. 3. The IRSp53-IMD induces filopodia independently of
small GTPases. Hela cells expressing the GFP-fused IRSp53-IMD
(panels a-c). The cells were co-transfected with FLAG-tagged dominant
negative Cdcd42N17 (panel b) or RaclN17 (panel c). The upper row
shows GFP signals, and the lower row shows Cdcd2N17 (panel b} or
RaclN17 (panel ¢) expression detected by FLAG tag. Scale bar, 20 pm,
The bar graph in panel d shows the frequency of cells developing
numerous filopodia in a typical experiment. More than 100 cells were
analyzed for each data point. Cells expressing both GFP and FLAG-
tagged proteins were analyzed.

The samples were then centrifuged and analyzed as above. The protein
bands were quantified by densitometry (Personal Densitometer SI;
Amersham Biosciences). For quantitative bundling assay, increasing
amounts of the IMDs were incubated with 1 uM F-actin in the F buffer
for 1 h at room temperature. The supernatant and the pellet were
separated by low speed centrifugation (10,000 X g for 30 min) and
analyzed as above.

Observation of Actin Bundles—For fluorescence microscope observa-
tion, a fixed concentration of F-actin (final concentration, 1.2 uM} was
mixed with variable concentrations of the GST-fused fragments (0.24 to
12 pM). After incubation for 30 min on ice in F buffer, F-actin was
stained with rhodamine-phalloidin for 15 min on ice. The mixtures were
applied to poly-L-lysine-coated glass coverslips and incubated for 20 min
at room temperature. The adherent material was washed with F buffer
and observed with the confocal laser scanning mieroscope using an oil
immersion ghjective lens (PlanApo 60x, 1.40 oil). For negative staining
of actin filaments and bundles, the rhodamine-phalloidin-stained spec-
imens described above were diluted 10 times with F buffer, placed onto
a carbon-coated mesh, and stained with 2% uranyl acetate. For obser-
vation of thin sectioned specimens, actin bundles formed after incuba-
tion for 1 h on ice were packed by centrifugation and fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, and then sequentially
incubated with 0.1% aqueous tannic acid and 0.2% uranyl acetate (18),
postfixed in 0.5% agqueous OsQ,, dehydrated, and embedded in Epon
812. Thin sections stained by lead citrate were examined with a CM 120
electron microscope {(Philips Electronics, Eindhoven, The Netherlands)
equipped with a multisean cooled charge-coupled device camera (model
791; Gatan, Pleasanton, CA).

Cross-linking of Proteins—One pM of purified IRSp53-IMD, MIM-
IMD, and chymotrypsinogen A (Amersham Biosciences) as the control
were cross-linked in 0.1 M 2-morpholinoethanesulfonic acid, pH 5.0, at
reom temperature. The reaction was started by the addition of 4 mm
1-ethyl-3-(3-dimethylaminopropyl) carboediimide and was stopped by
the addition of 50 mMm Tris-HCl, pH 8.0, at the time points indicated in
Fig. 7A.

Immunoprecipitation—293T cells were washed with phosphate-buff-
ered saline and lysed in lysis buffer (100 mm NaCl, 25 mm Hepes, pH
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F1G. 4, The IMD in wild-type IRSp53 is regulated by Cde42 and
Racl. A, GFP signals of HeLa cells expressing the GFP-tagged full-
length IRSpS3 (WT; panels a, d, and g}, the GFP-tagged N-terminal half
{ASHS3; panels b, e, and k), or GFP alone (GFP; panels ¢, f, and i). Panels
g~-o, cells without co-transfection, Panels d—f, cells co-transfected with
Cded2V12. Panels g, cells co-transfected with RaclV12, Enlarged
views of the rectangular areas are shown below. Scale bar, 20 pm. B,
Hela cells expressing the GFP-tagged full-length IRSp53 (WT; panel
a), an SH3 mutant with W417R substitution (W/R; panel b), or another
SH3 mutant with F427A/P428A substitutions (FF/AA; panel ¢). The
upper row is without co-transfection, and the lower row shows cells
co-transfected with the FLAG-tagged active Cded2. The expression of
Cded? was detected by FLAG immunostaining {not shown). Scale bar,
20 pm. The stacked bar graph in panel d shows the frequency of cells
presenting the IRSp53+Cded2 phenotype (filled bars) and the Cded2
phenotype (open bars) in a typical experiment. Cells forming numerous,
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7.5, 2 mm MgCl,, 2 mm EGTA, 0.5% Triton X-100, containing protease
inhibitor mixture; Roche Applied Science). The lysates were precleared
by centrifugation at 100,000 X g for 10 min, followed by immunopre-
cipitation with a rabbit anti-GFP antibody and protein A-Sepharose
beads (Amersham Biosciences). The immunoprecipitates were sub-
jected to SDS-PAGE and immunoblotting with antibodies ag indicated
in Fig. 78. The proteins reacting with primary antibodies were visual-
ized by an enhanced chemiluminescence system (Amersham Bio-
seiences) for detecting percxidase-conjugated secondary antibodies and
analyzed with an LAS-1000 system (Fuji Film, Tokyo, Japan).

RESULTS

The N-terminal Helicel Domain Is Evolutionarily Conserved
in IRSp53 Family Proteins and MIM Family Proteins—IRSp53
and MIM share the N-terminal stretch of 250 arino acids (22%
identical, 18% similar), whereas the remaining parts of the
molecules show only marginal similarity. To explore whether
this similarity is based on real homology, we searched the
GenBank™ data base for proteins having similar sequences.
First we found three more genes encoding homologous N-ter-
minal sequences in the human genome: insulin receptor tyro-
sine kinase substrate (IRTKS), the hypothetical gene
FL.J22582, and ABBA-1 (Fig. 14; see the supplemental table
for details). IRTKS and F1J22582 are IRSp53-related proteins
containing an SH3 domain in the C-terminal half. However,
both of them lack the half-CRIB motif found in IRSp53, and
FLJ22582 further lacks the WWB (PPPXY) (Fig. 1B). ABBA-1
{GenBank™ accession number AB116770) is a MIM-related
protein that possesses a WH2 domain in the C terminus. Fur-
ther data base searches have shown that each of these five
proteins has a putative ortholog in chicken and zebra fish,
indicating that they are well conserved through vertebrate
evolution (Supplemental Figs. 1-4), As pointed out previcusly
(9, 13), related proteins are also found in invertebrates (Cae-
norhabditis elegans MO4F3.5 protein and Drosophila melano-
gaster C(G32082 protein). In an amino acid sequence alignment
of the N-terminal region of these proteins (Fig. 14), clusters of
basic amino acids, proline, glycine, and clusters of hydrophobic
amino acids are well conserved. There is a gignature sequence
of ALXEE(R/K)YR/G)RFCX,_,F(I/L) in the C-terminal half of
the stretch. As expected from the number of basic amino acid
clusters in this domain, the estimated iscelectric points are
highly basic, ranging from 8.5 for human MIM to 9.2 for human
F1.J22582,

The identity of the N-terminal domain is further supported
by predicted secondary structures. The domains are almost
purely helical, 82-87% for the IRSp53-related proteins, 96—
100% for MIM-related proteins, and intermediate contents of
89 and 87% for M04F3.5 and CG32082, respectively. Helix-
breaking amino acid residues at the four breaking sites of the
IRSp53-related proteins are also conserved in MIM/ABBA fam-
ily proteins (asterisks in Fig. 14). Thus, all of these proteins
appear to have a common segmentation pattern of helices, helix
I-V (Fig. 1A). Although human IRSp53 lacks helix V, it is
predicted to be present in the chicken ortholog.

A phylogenetic tree (Fig. 1C) based on the alignment of the
IMDs showg that the vertebrate IRSp53/MIM family is divided
into two major groups: the IRSp53 subfamily and the MIM/
ABBA subfamily. The putative invertebrate homologs are po-
sitioned between them. The tree of the IMDs exactly reflects
the hierarchy of domain composition of these proteins. The
IRSp53 subfamily members contain an SH3 domain, and the
MIM/ABBA subfamily proteins contain a WH2 domain, The

long, wavy, and often branching filopodia (4, panel d for an example)
were counted as the IRSp53+Cdc42 phenotype cells. The cells forming
long, straight filopodia (A, parel f for an example) were counted as the
Cdc42 phenotype cells,
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Fic. 5. F-actin binding/bundling activity of the IRSp53-IMD and MIM-IMD, A, high speed F-actin co-sedimentation assay. 1.2 uM
GST-fused IRSp53 fragments (IRSp53-IMD and IRSp53-ASH3), a MIM fragment (MIM-IMD), or GST alone (GST) were incubated with (+) or
without (~} F-actin (5 um as for G-actin) for 30 min on ice and then ultracentrifuged at 400,000 x g for 15 min. Equal aliquots of the supernatant
{S) and the resuspended pellet (P) were analyzed by SDS-PAGE and Coomassie Blue staining. B, quantitation of F-actin binding activity of IMDs.

Purified tag-free IMDs analyzed by SDS-PAGE are shown in the left panel. 2 pM of tag-free IMDs and 0, 0.5, 1, 2, and 4 pM of F-actin were
co-sedimented at 400,000 X g. The IMD bands stained with Coomassie Blue (right upper penel showing a representative data) were quantified by
densitometry. The relatively long incubation time used in this experiment caused precipitation of 6—8% of the total IMDs without F-actin, To show
the net F-actin binding of the IMDs, the percentage of F-actin-bound IMD was calculated as the percentage recovered in the pellet subtracted by
that recovered in the pellet without F-actin, The data shown in the lower panel are the means * S.D. of three independent experiments. 3,
supernatant; P, pellet, C, visualization of F-actin bundles induced by IMDs. F-actin (1.2 uM) was incubated with 1.2 pM GST-IRSp53-ASH3 (panel
a), 6 um GST-IRSp53-IMD {panel b), 6 uM GST-MIM-IMD (panel ¢), or 1.2 uM GST alone (panel d) for 30 min on ice. After staining with
rhodamine-phalloidin, actin filaments and bundles were observed under a confocal microscope. Scale bar, 10 pum, D, quantitation of F-actin
bundling activity of IMDs. 0, 0.5, 1,2, 4, 8, and 16 pM of tag-free IMDs and 1 puM of F-actin were co-sedimented at 10,000 X g. 4-10% of total actin
was recovered in the pellet in the absence of the IMDs. The percentages of actin in the bundles were quantified as described for Fig. 6B. The data

shown in the lower panel are the means + S.D. of three independent experiments, S, supernatant; P, pellet.

vertebrate SH3-containing subfamily is further divided into
three groups according to the presence or absence of the WWB
and the half-CRIB motif. These data suggest that the IRSp53/
MIM family originated from a common ancestor and diverged
through evolution. This hypothesis is supported by the fact that
IRTKS and FLJ22582 but not M04F3.5 or CG32082 share
highly homologous C termini with the MIM/ABBA subfamily
members (supplemental Fig. 8). Our analyses suggest the pres-
ence of an evolutionarily conserved IRSp53/MIM family and
that the IMDs are the key components for the functional roles
of proteins belonging to this family.

The IMDs of IRSp53 and MIM Induce Filopodia in Hela
Cells—To explore the functional roles of the IMD, we first
examined the morphological effects of ectopic expression of the
IRSp53-IMD and the MIM-IMD in Hela cells. The cells ex-
pressing the GFP-tagged IMD of IRSp53 formed numerous long
filopodia that were F-actin-rich as demonstrated by rhodam-
ine-phalloidin staining (Fig. 2, perels a, a’, b, and &'). The
MIM-IMD also induced filopodia, but they were reduced in
length (Fig. 2, panels ¢, ¢, d, and d'). In addition, MIM-IMD

promoted the formation of microvillus-like protrusions on the
apical cell surface. IRSp53-IMD and MIM-IMD localized to and
occasionally were concentrated in these protrusions (arrows in
Fig. 2, panels ¢’ and d'}. Both IMDs appeared not to be associ-
ated with stress fibers. There were no obvious signs of en-
hanced lamellipodial activity or disruption of stress fibers in
these IMD-expressing cells. GFP used as a negative contral did
not induce any morphological changes (Fig. 2, panels e and f.
Truneated fragments of IMD, IRSp53-N-IMD {(aa 1-161), and
IRSp53-C-IMD (aa 105-250) could not stimulate filopodium-
formation (data not shown). These data indicate that both
IMDs are eapable of inducing filopodia in cells. Because IRSp53
and MIM represent the most divergent members of the verte-
brate IRSp53/MIM protein family (Fig. 1C), the filopodium
inducing activity of the IMD is likely to be conserved in all
family members. '

IMD Does Not Act Upstream of Racl or Cdc42 for Filopodium
Formation—Actin cytoskeletal reorganization is often a hall-
mark of Rho family GTPases. Previous reports have shown that
Racl binds to the N terminus of IRSp53 (8) and Cde42 binds to
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the aa 202-305 fragment containing the half~CRIB motif (6).
Therefore, we examined whether Cde42 or Racl activation was
involved in IMD-induced filopodium formation. The formation
of numerous filopodia induced by IRSp53-IMD was not per-
turbed by the co-expression of dominant negative Cdcd2 or
Racl (Fig. 3). There was no quantitative difference in the ratio
of filopodium forming cells among HeLa cells transfected with
IRSp53-IMD alone, those transfected with IRSp53-IMD and
Cde42N17, and those transfected with IRSp53 and RacIN17
(Fig. 3, panel d), suggesting that the IMD itself is not regulated
by these small GTPases. This result also excludes the possibil-
ity that the domain functions upstream of these small
GTPases.

The Filopodium-inducing IMD Activity of Wild-type IRSp53
Is Regulated by Cdc42 and Racl—The common mechanism of
effecter activation by Rho family GTPases appears to be de-
pendent on the disruption of intramolecular autoinhibitory in-
teractions. Cde42-induced conformational changes have also
been demonstrated for the molecule containing a half or semi-
CRIB motif, Par6 (19). First we found that GFP-tagged
IRSp53-WT or GFP-tagged IRSp53-ASH3, when expressed in
moderate levels, could not induce filopodia (Fig. 44, panels
a-c¢). As reported earlier (7, 10}, cells expressing very high
amounts of IRSp53 often formed dendritic extensions accom-
panied with severe retraction of the cell body. As noted in the
legend to Fig. 2, these cells were omitted from our analyses.
Next, we examined whether the IMD function was regulated by
Cdc42 and Racl in IRSp53-WT and in IRSp53-ASH3 contain-
ing the half-CRIB motif. Co-expression of the active Cded2 with
these IRSp53 constructs led to massive formation of wavy
filopodia (IRSp53+Cdc42 phenotype as shown in Fig. 44, pan-
els d and e) that was clearly distinguishable from straight
filopodia induced in cells co-expressing GFP and active Cde42
{Cdc42 phenotype as shown in Fig. 44, panel f). A similar level
of filopodium induction mixed with Racl-dependent enhanced
lamellipodia activity (Fig. 4A, panel i) was induced by the
co-expression of active Racl (Fig. 44, panels g and h). These
results suggest that the SH3 dorain is not necessary for IMD-
dependent filopodivm formation. Our results also suggest that
the filopodium-inducing IMD activity in wild-type IRSp53 is
regulated by Cdc42 and Racl. The central region of IRSp53
containing the half-~CRIB motif appears to be essential for this
regulation, as. previously suggested for the regulation of the
SH3 domain (7, 9).

To further confirm that the IMD-induced filopodium forma-
tion is independent of SH3-binding molecules, we used two
nonfunctional SH3 mutants, IRSp53-W/R and IRSp53-FP/AA
(7). Both mutants could induce filopodia when expressed with
active Cded2 (Fig. 4B). Although active Cdc42 alone induced
filopedium formation in the majority of cells (Fig. 4B, panel d,
the blank segment in the stacked bar graph reflecting the
Cde42 phenotype), exaggerated filopodium formation, an indi-
eation of IMD activity, occurred only when Cded2 was co-
expressed with IRSp53-WT and IRSp53-SH3 mutants (Fig. 4B,
panel d, the filled segment in the stacked bar graph reflecting
the IRSp53+Cdcd42 phenotype). Thus, IRSp53 can promote
filopodium formation independently of SH3-mediated intermo-
lecular interactions.

In Vitro F-octin Bundling Activity of IMD—The filopodium
promoting activity of the IMDs of IRSp53 and MIM in cultured
cells led us to examine whether these IMDs have F-actin bind-
ing and bundling activity. We examined F-actin binding/bun-
dling activity of the GST-fused IMD and other fragments and
also tag-free purified IMDs in vitro. As shown in Fig. BA,
GST-fused IRSp53-IMD, IRSp53-ASH3, and MIM-IMD but not
GST were co-sedimented with F-actin in a high speed assay

IRSp53 Induces Filopodia by a Novel Actin Bundling Domain
A

V]
LIS
distanca between actin
filaments in nm

Fic. 8. Electron micrographs of actin bundles induced by
IRSp53. A, negatively stained F-gctin bundles induced by GST-fused
IRSp53-IMD for 30 min on ice. Seale bar, 1 um. B, macroscopically
visible tangled threads of actin bundles induced by GST-fused IRSp53-
ASHA3 for 1 h on ice were packed by ultracentrifugation and processed
for transmission electron microscopy. Transverse and longitudinal sec-
tions of actin bundles ~0,2 um thick are shown. In a transversely
sectioned area (inset, enlarged view of the rectangular area), many
actin filaments are aligned with a regular center-to-center distance of
11.2 + 2.0 nm (mean * S.D., n = 854) as shown in C. Scale bar, 0.1 pm.

(total binding). To exclude the possible contribution of GST-tag
or contaminating bacterial proteins to F-actin binding and
bundling, the activities of purified tag-free IMDs (Fig. 5B, left
panel) were examined. In the high speed assays, the IMDs of
IRSp53 and MIM hound to F-actin in a concentration-depend-
ent and saturable manner (Fig. 5B, right panel). The apparent
half-maximum concentrations of F-actin for IMD binding were
almost the same (0.5 un), irrespective of the variation between
the maximum extents of these IMDs, suggesting that both
IMDs have roughly the same affinity to F-actin. Low levels of
the maximum extent of bound IMDs, about 30% for IRSp53-
IMD and 20% for MIM-IMD, can be explained by improper
protein folding of the bacterially made IMDs or their denatur-
ation during the purification process.

The GST fusions capable of F-actin binding induced thick
F-actin bundles (Fig. 5C). Although GFP-tagged IRSp53-ASIT3
required activation by Racl or Cde4?2 for filopodium formation,
GST-fused IRSp53-ASHS alone could induce F-actin bundling.
It is possible that the bacterially made protein may not be
folded properly to form the self-inhibitory conformation.
iIRSp53-4SH3 showed stronger bundling than IRSp53-IMD or
MIM-IMD; however, different levels of bundling activity among
these proteins may simply reflect differences in stability of
these fusion proteins. To quantify the bundling activity, the
tag-free IMDs were examined in low speed sedimentation as-
say (Fig. 5D). The bundling activity was concentration-depend-
ent, and most of F-actin could be incorporated into bundles in
high concentrations of the IMDs. '

The IMD-induced F-actin bundles could be seen under a
phase contrast microscope, and their thickness was measured
at 0.1-0.2 pm by electron microscope observation of negatively
stained materials (Fig. 64). Observation of thin sections of the
bundles revealed tight packing of parallel actin filaments in the
bundles (Fig. 6B). The bundle as a whole was not a paracrystal
in which actin filaments were packed into a hexagonal array
with a constant spacing of 11.5 nm, asg previously described
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Fic. 7. Self-association of IMDs. A, 84.7-@
analysis of cross-linked IMDs by SDS- 61.0-« gy v e e dimer
PAGE. 1 pM of tag-free IMDs of IRSp53 A
and MIM were cross-linked with 4 mM 31'3_
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diimide for 0, 15, 30, and 60 min. Chymot- 57 o st e
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analyzed by SDS-PAGE followed by Coo-
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(WT), or AIMD was co-expressed with IIE “:EEEG
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vector alone (Vector) in 293T cells, GFP- — :
tagged proteins were immunoprecipitated
(IP) using anti-GFP antibody and ana-
lyzed by immunoblotting (IB) with anti- IB: o-FLAG o d
FLAG M2 antibody (top panel). Expres- *
sion levels of FLAG-tagged proteins Y
(middle panel) and GFP-tagged proteins i
(bottom panel) are shown by immunoblot
analyses of total lysates.
1B: a-GFP
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(20). However, actin filaments in the bundles tended to be
arranged in a line and partly packed into a hexagonal pattern
(Fig. 6B, inset). The center-to-center distance between neigh-
boring actin filaments aligned in a line was nearly constant and
was measured at 11.2 nm in transverse sections (Fig. 6C),
These observations indicate that IRSp53 acts as a typical par-
allel actin bundle-forming moleeule such as fimbrin and fasein
and suggest that the IRSp53/MIM family is a novel actin bun-
dling protein family.

Self-association of IMD—Actin bundling activity requires at
least two independent F-actin-binding sites or a combination of
one binding site plus a self-association site in an actin bundling
domain. The ability of IMDs to form dimers or oligomers was
examined by chemical cross-linking using zero-length cross-
linker 1-ethyl-3-(3-dimethylaminopropyl} carbodiimide. The
apparent molecular mass of the tag-free IMDs in SDS-PAGE
was progressively shifted from 30 kDa, which matched to the
calculated molecular masses of the IRSp53-IMD (28,972 Da)
and MIM-IMD (28,640 Da) including a short linker sequence,
to the dimer one of 60 kDa (Fig. 7A). Both of the tag-free IMDs
were effectively cross-linked into dimers but not into trimers or
tetramers. This result suggests that the purified IMDs are
present as dimers. Next we examined IMD self-association in
cultured cells. The IMDs of IRSp53 or MIM could associate
with each other and with the full-length molecule but not with
the C-terminal half lacking the IMD (AIMD) in co-transfected
293T cells (Fig. 7B). Consistent with the IMD-dependent self-
association, AIMD was not co-immunoprecipitated in any com-
binations, whereas the full-length IRSp53 and MIM associated
with themselves. These results indicate that the IMD is a
self-associating domain and suggest that IRSp53 and MIM can
be present as dimeric forms in mammalian cells.

DISCUSSION

In this study we show that the N-terminal helical domain,
the IMD, identified in IRSp53 and MIM, induces filopodium
formation in vive and F-actin bundling in vifro and suggests
that these domains are conserved in an evolutionarily related

protein family, the IRSp53/MIM family, We propose that the
IRSp53/MIM family is a novel F-actin bundling protein family
that includes invertebrate relatives. Although the family mem-
bers are largely diverged, each vertsbrate member (IRSp53,
IRTKS, FLJ22582, MIM, and ABBA) is highly conserved
throughout the entire molecule in species ranging from fish to
human. They are likely to have a common fundamental fune-
tion, actin bundle formation, with different mechanisms of
regulation,

Parallel actin bundles form the core structure of cellular
protrusions such as filopodia, microvilli, and microspikes.
These structures are tightly packed, noncontractile bundles
cross-linked by a class of F-actin bundling proteins, such as
fasein and fimbrin, that determine an ~12.nm apacing between
actin filaments (20, 21), and the involvement of such proteing is
essential for structure formation (18, 22-24, 26), The other
class of bundling proteins, represented by a-actinin, are found
in contractile bundles such as stress fibers. There, they cross-
link actin filaments with a wide spacing of about 36 nm (27,
28), which allows myosin II to interact with the actin filaments
(29). We have shown that the N terminus of IRSp53 induces in
vitro formation of tightly packed F-actin bundles of 11-nm
spacing. The localization of the N-terminal helical domain of
IRSp53 and MIM in filopodia with F-actin but not in stress
fibers is consistent with the idea that the protein functions in
cells as a parallel F-actin hundling protein.

Our present study indicates that SH3-mediated interactions
are not always necessary for IRSp53-induced filopodium for-
mation, and this is consistent with a recent report showing that
Mena and vasodilator-stimulated “phosphoprotein (VASP) are
not essential for this process in B16 melanoma cells (10), How-
ever, our results neither rule out the Racl-JRSp53-WAVES or
Cdc42-IRSp53-Mena pathway nor exclude any contribution of
the C-terminal half to JRSp63 induced F-actin rearrangements.
The SH3-mediated interactions could eontribute to IRSp53
functions by two possible mechanisms. In the first, as in the
classical view of IRSp53 function, SH3 ligands play a crucial
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role in actin cytoskeleton dynamics, which may additively or
synergistically work with the N-terminal IMD. Among these
ligands, Ena/VASP family proteins have been reported to have
actin bundling activity associated with the Ena/VASP homol-
ogy 2 domain (30). Recently IRSp53 has been shown to bind to
neural isoforms of espin (31), a novel parallel actin bundling
protein originally identified as a component of the Sertoli cell
spermatid ectoplasmic specialization (32). The resultant multi-
domain actin bundling protein complexes may bundle F-actin
with increased efficiency or contribute to changes in F-actin
dynamics. Second, the SH3-mediated interaction could deter-
mine the localization of IRSp53. Although we and others (10)
have shown that IRSp53 is able to self-localize in filopodia
using its N terminus, levels of accumulation appear not to be
high. Considering that actin bundling proteins require a rela-
tively high molar ratic to actin to function, this level of speci-
ficity may not be sufficient to support dynamic behavior of the
cell periphery in nontransfected cells. Both WAVE2 and Mena
are shown to localize at the filopodial tip (25, 33, 34), again
suggesting the functional redundancy of these protein com-
plexes with increased specificity of localization.

Here we show that the activity of the IMD is tightly regu-
lated by Racl and Cde42, in a manner similar to that of the
SH3 domain (4, 7). Our results suggest that the central region
of IRSp53, including the half-CRIB motif, is essential for the
autoinhibition of the IMD. The N terminus (aa 1-178) of
IRSp53 has been shown to interact with the region around the
half-CRIB motif and inhibit binding of the SH3 domain to
Mena (7). The autoinhibitory mechanisms of the IMD and the
SH3 domain may work together within the same molecule.
Conversely, F-actin association of the IMD and the SH3 ligand
binding are likely to activate or stabilize each other.

We propose that IRSp53 is a direct effecter of Cde42 and
Racl, acting in concert with various partner proteins recruited
by the SH3 domain. Further analyses are required to evaluate
the activities of various IRSp53-partner protein complexes and
their specific roles in the regulation of cortical actin dynamics.
Although MIM has been shown to interact with protein tyro-
sine phosphatase delta {13), its regulation remains unknown.
Our present study reveals that the IMDs are highly conserved
both structurally and functionally, So far we have not found
any apparent sequence homology of this domain with known
F-actin interacting proteins. Future work including crystallo-
graphic studies will be needed to ascertain precise molecular
mechanisms for F-actin bundling by the IMDs as well as to
clarify their regulation, especially by small GTPases in IRSp53.
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A novel LIM protein Cal promotes cardiac differentiation
by association with CSX/NKX2-5
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NKX2-5 plays an important rofe in vertebrate heart

development. Using a yeast two-hybrid screening,
we identified a novel LIM domain-containing protein,
named CSX-associated LIM protein (Cal), that interacts
with CSX/NKX2-5. CSX/NKX2-5 and Cal associate with each
other both in vivo and in vitro, and the LIM domains of Cal
and the homeodomain of CSX/NKX2-5 were necessary for
mutual binding. Cal itself possessed the transcription-
promoting activity, and cotransfection of Cal enhanced

The cardiac homeobox transcription factor CSX/

CSX/NKX2-5-induced activation of atrial natriuretic peptide
gene promoter. Cal contained a functional nuclear export
signal and shuttled from the cytoplasm into the nucleus in
response to calcium. Accumulation of Cal in the nucleus
of P19CL6 cells promoted myocardial cell differentiation
accompanied by increased expression levels of the target
genes of CSX/NKX2-5. These results suggest that a novel
LIM protein Cal induces cardiomyocyte differentiation
through its dynamic intracellular shuttling and association
with CSX/NKX2-5.

Introduction

CSX/NKX2-5 is a member of NK homeobox gene family
that is conserved in evolution and acts as a DNA-binding
transcription activator (Komuro and Izumo, 1993; Lints et
al., 1993; Akazawa and Komuro, 2003). During embryo-
genesis, CSX/NKX2-5 is expressed predominantly in the heart
progenitor cells from the ~ery early stage. Targeted disruption
of murine CSX/NKX2-5 resulted in embryenic lethality due
to the arrested looping morphogenesis of the hearr rube
(Lyons et al,, 1995). In addition, mutations of CSX/NKX2-5
cause. human hereditary cardiac malformations associated
with attioventricular conduction disturbance (Schott et al,,
1998). These results indicate thar CSXINKX2-5 plays a
pivotal role in normal heart development in mammals.

To understand the mechanisms of how CSX/NKX2-5
controls cardiac development, it is necessary to elucidare the
molecular framework of fine-tuned transcriptional regulation
of its distinct targer genes. Recently, protein—protein inter-
actions have been recognized to be important in many biolog-
ical processes. Protein complexes consisting of transcription
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facrors and cofactors are responsible for transcriptional regula-
tion, and its composition is thought to be the key determinant
of specificity and intensity of the reaction. Transcriptional
activity of CSX/NKX2-5 is modulated through physical
interaction with other transctiption factors such as GATA-4
(Durocher et al,, 1997; Lee et 2l.,, 1998; Shiojima er al,, 1999),
SRF (Chen and Schwartz, 1996), and Tbx-5 (Bruneau et al,,
2001; Hitoi et al., 2001). Here, we isolated a novel CSX/
NEKX2-5-associated protein by a yeast two-hybrid screening
using CSX/NKX2-5 as a bait. The protein was 2 novel LIM
domain—containing protein, which we named CSX-associared
LIM protein {Cal). The LIM domain is a double-zinc finger
motif and functions as 2 module for protein—protein interac-
tions (Dawid et al., 1998; Bach, 2000). Nuclear LIM proteins
such as LIM homeodomain proteins and LIM only proteins
are directly involved in transcriptional regulation during cell
differentiation (Dawid er al., 1998; Bach, 2000). Cytoplasmic
LIM proteins are involved in divergent biological processes
such as regulation of cytoarchitecture, protein trafficking,
and specification of cel! polarity (Dawid et al., 1998; Bach,

Abbreviations used in this paper: ANP, atrial natriuretic peptide; Ca®*,
calcium; Cal, CSX-associared LIM protein; CRP, cysteine-rich protein;
LMB, leptomycin B; LPP, lipoma preferred parmer; NES, nuclear expore
signal; SERCA2, sarcoplasmic reticulum Ca’*-ATPase 2; tripG, thyroid
receptor interacting protein 6.
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2000). In regard ro muscle development, the roles of ¢ys-
teine-rich protein (CRP} 3/MLP, which is primarily cyto-
plasmic, have attracted much attenrion (Arber et al., 1994).
Overexpression of CRP3/MLP in C2C12 myoblasts pro-
moted skeleral myogenesis, whereas inhibition of CRP3/
MLP activity by antisense oligonucleotide interrupted ter-
minal differentiation of these cells. Mice homozygous for
CRP3/MLP mutation exhibited dilated cardiomyopathy re-
sulted from disrupted cyroarchirecture in cardiomyocytes
(Aber et al, 1997). These resulis indicate the possibility
that cytoplasmic LIM proteins regulate cell differentiation as
well. Recently, some cytoplasmic LIM proteins have been
reported to show nuclear localization. For example, CRP3/
MLP associates with nuclear LIM proteins Lmol and Apter-
ous {Arber and Caroni, 1996) and basic helix-loop-helix
transcription factor MyoD (Kong et al., 1997) as well as cy-
toskelteral proteins, Zyxin, and a actinin (Louis et al,, 1997),
However, the molecular mechanism by which the eytoplas-
mic LIM proteins are involved in nuclear events remains
largely unknown.

Here, we show that Cal functions as a coactivator for
CSX/NKX2-5 and fulfills its eooperative function based on
its dynamic intracellular shuttling mechanisms. Consistent
with the notion that the LIM domains function as an inter-
face of protein—protein interactions, the LIM domains of
Cal are required for binding to the homeodomain of CSX/
NEKX2-5. Cal itself has the transcription-promoting activity
and activates the atrial natriuretic peptide (ANP) promoter
by forming complex with CSX/NKX2-5. Cal traffics out of
the nucleus by nuclear export signal {(NES)-dependent
mechanisms and traffics into the nucleus in response to an
increase of intracellular calcium (Ca®*) concentration. Nu-

clear expression of Cal promotes cardiac differentiation of
PI9CL6 cells in vitro. Characterization of complex forma-
tion berween CSX/NKX2-5 and Cal will provide a unique
framework whereby gene expression during cardiogenesis is
fine-tuned by the primarily cytoplasmic LIM proteins that
were supposed to be involved in cytoskeletal organization.

Results
Molecular cloning and characterization of Cal

To identify proteins thar interact with CSX/NKX2-5, we
screened a human heart library by the yeast two-hybrid sys-
tem using the full length of CSX/VKX2-5 as a bait, and iso-
lated a gene out of 25 positive clones, which we named Cal
Using the human Cal ¢<DNA, we isolated the mouse full-
length G/ cDNA, which encodes a protein of 375 aa (Fig. 1
A) with three tandemly arrayed LIM domains in the COOH
terminus. It contains a region abundant in proline residues
in the NH, terminus. In additicn, there is a leucine-rich
motif that matches the consensus sequence for NES. These
salient structural features are shared among Zyxin family of
LIM domain—containing proteins consisting of Zyxin (Beck-
erle, 1997), lipoma preferred partner (LPP) (Petit et al,
1996), Ajuba (Goyal et al., 1999), and rhyroid receptor inter-
acting protein 6 (trip6; Yi and Beckerle, 1998). Northern
blot analysis revealed thar there were two transcripts of dif-
ferent sizes, 3.2 and 6.0 kb, and that Cal was highly ex-
pressed in a variety of tissues (Fig. 1 B). Most abundant ex-
pression was observed in the heart and relatively abundant
exptession was obsetved in the lung, intestine, and uterus,
whereas little transcript was detected in the brain and liver.
RNA in situ hybridization studies revealed that Caf was ex-

MA)\SKPEKRVASSVFITLAPPRRDVF\VSEE\:’GQMCEARRARPwEZHLP'I‘K'I'PGAAVGRSPK & Bxb 1234567288
T‘f?ps.?l?TNA?JTSGVTPQLSNGGCS@SLNEEDLDLPPPPFPPSAYLFLPEEEFWLP 1290 95 1. brain
GKELIEDLEQLHLPPPPPEPPPQAPSXSSSVHEPPGHARPSEEELESPPEEPVILPEREY 180 75 = | .. 2 heart
STDVEGECHKPVSPRELAVEAMKRQYHAQCFTCRTCRROLNGORFYQKDGRPLCERCYQD 240 4, | ™™ hat 3. lung
TLEKCGKCOEVVQEHVIRALGKAFHPPCFTCVTCARCTISDESFALDSQNQVYCYADFYRE 300 aa 4. liver
FAPVCSTCENFITPRDGKDAFKI ECMGRNFHENCYRCEDCSVLISVESPTOGECYPLNDHL 360 24 —| ot 5. intestine
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1.4 - 7. spleen
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P-actin I‘ ""”*”er'@ ]

Figure 1. Deduced amino acid sequence and expression of Cal
in embryonic and adult mouse tissues. {A} Deduced amino acid se-
quence of mouse Cal (GenBank/EMBL/DDB] accession no. AF513359).
LIM domains of Cal are indicated by open bexes, and the leucine-
rich sequence is indicated by a gray box. Stretches of consecutive
proline residues are underlined. (B) Northern blot analysis of Cal
expression in adult mouse tissues. (C) Section in situ hybridization
analysis of Cal expression during embtyogenesis, Coronal sections
at the leve] of the heart at E10.5 and E13.5 show Cal expression in a
variety of tissues including ventricles, atria, cardiac cushion, and
aorta. Ao, aorta; AVC, atrioventricular canal; CC, cardiac cushion;
DAo, dorsal aorta; Fo, fourth ventricle; In, intestine; LA, left atrium; Li,
liver; Lu, lung; LV, left ventricle; RA, right atrium; RV, right ventricle;
St, stomach; Te, telencephalon; Th, third ventricle; V, ventricles; Ve,
vertebral column,
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pressed in a wide variety of cell-lineages including the heart,
lung, and intestine during mouse embryogenesis (Fig. 1 C).
Lesser transcript was observed in the liver, and no transeript
was observed in the vertebral column and encephalon.

Cal forms a complex with CSX/NKX2-5
To examine whether CSX/NKX2-5 and Cal directly interact
with each other in vivo, we cotransfected COS7 cells with
HA-tagged CSX/NKX2-5 and FLAG-tagged Cal. Cell Iy-
sates were subjected to immunoprecipitation using anti-
FLAG antibody, and coprecipitating CSX/NKX2-5 was de-
tected by immunoblotting with anti-HA antibody (Fig. 2
A). This result suggests that CSX/NK3{2-5 and Cal associate
with each other in mammalian cells as well as yeast cells.
Next, to confirm the direct interaction between CSX/
NKX2-5 and Cal, and if so, to determine the domain re-
sponsible for the association, GST pull-down assays were
petformed with GST-Cal fusion protein and in vitro—trans-
lated CSX/NKX2-5. GST-Cal immobilized on glutathione-
Sepharose beads retained in vitro—translated CSX/NKX2.5,
indicating the direct interaction berween CSX/NKX2-5 and
Cal (Fig. 2 B}, A CSX/NKX2-5 mutant lacking the homeo-
domain did not associate with Cal, but the homeodomain
of CSX/NKX2-5 was enough for association (Fig. 2 B).
These results suggest that the homeodomain of CSX/
NKX2-5 is necessary and sufficient for the interaction with
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Cal. We also examined the binding of GST-CSX/NKX2-5
and in vitro—translated Cal and its mutants. A Cal mutant
lacking all three LIM domains did not associate with CSX/
NKX2-5, but Cal mutants containing at least two LIM do-
mazins did associate with CSX/NKX2-5 (Fig. 2 C). These re-
sults suggest that the LIM domains of Cal are responsible for
interaction with CSX/NKX2-5.

CSX/NKX2-5 and Cal synergistically transactivate
the ANP promoter
To examine the effect of Cal on transcriptional activity of
CSX/NKX2-5, we performed a series of reportet assays using
the luciferase reporter linked to the ANP promoter. When
the luciferase construct containing the ANP promoter was
cotransfected with CSX/NKX2-5 expression vector, signifi-
cant fold induction of the promoter activity was cbserved as
reported previously (Shiojima et al., 1999). Although overex-
pression of Cal had no effect on the ANP promoter, cotrans-
fection of Cal with CSX/NKX2-5 induced much stronger
transactivation than CSX/NKX2-5 alone, suggesting that
CSX/NKX2-5 and Cal synergistically transactivate the ANP
promoter (Fig. 3 A). CSX/NKX2-5 and Cal also synergisti-
cally rransactivated the luciferase construct containing multi-
merized CSX/NKX2-5-binding sites (Fig, 3 A).

Next, we examined whether the inzeraction between
CSX/NKX2-5 and Cal was required for the synergistic

A FLAG-Cal (=) {(+) (=) {+}
HA-CSX (=M=} (+) (&)
IB: cHA s1ko—) E:'-: o HA-CSX

IB: oFLAG 51 kD - @ a4 FLAG-Cal

CSX and its mutants in vitro-transiated

CSX and its mutants

GST-pull-down assay

Figure 2. Complex formation between CSX/
NKX2-5 and Cal. (A) Coimmunoprecipitation of
CSX/NKX2-5 and Cal in transfected COS7 cells.
Immunaprecipitates with anti-FLAG antibody were
separated by SDS-PAGE and immunoblotted with
anti-HA antibody (top). The same blot was reprobed
with anti-FLAG antibody to confirm the presence of
FLAG-tagged Cal (bottom). (B) GST pull-down assay
for mapping of a region in CSX/NKX2-5 required
for binding to Cal. In vitro-translated CSX/NKX2-5
and its mutants labeled with **S were incubated with
GST-Cal immobilized on glutathione-Sepharose
beads, and bound proteins were separated by SDS-
PAGE and visualized by autoradiography. The arrow
indicates the CSX/NKX2-5 protein bound to GST-Cal.

HD +GST + G8T-Cal
1re [} {(-) 1 2 3 4 5 kb 1+ 1 a4 5
2.AN ) ' .
asc LM
4.HD ||
5.1b d

A CSX/NKX2-5 mutant [acking the homeodomain
did not associate with Cal (arrowhead), whereas a
CSX/NKX2-5 mutant containing only the homeo-
domain did associate. HD, homeodomain. {C) G5T
pull-down assay for mapping of a region in Cal
required for binding to CSX/NKX2-5. In vitro—
translated Cal and its mutants labeled with 335 were

in vitro-translated
Cal and its mutants

Cal and its mutarnts

GST-pull-down assay

incubated with GST-CSX/NKX2-5. The arrow indi-
cates the Cal protein bound to GST-CSX/NKX2-5.
A Cal mutant lacking all the LIM domains did not
associate with CSX/NKX2-5 (arrowhead), whereas

a Cal mutant containing only the LIM domains did
associate.
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Figure 3, Cooperative activation of the ANP promoter by CSX/
NKX2-5 and Cal. (A} CSX/NKX2-5 and Cal synergistically transactivate
the ANP promoter and CSX/NKX2-5-dependent promoter. The
luciferase reporters containing the ANP promoter (ANP[600]-Luc)
or multimerized CSX/NKX2-5 binding sites (4x TTF-Luc) were cotrans-
fected in COS7 cells with the expression vectors of CSX/NKX2-5
andfor Cal. An increase in luciferase activities was observed when
the CSX/NKX2-5 expression vector was cotransfected with the Cal
expression vector. The equivalent expression levels of each construct
were confirmed by Western blotting using parallel samples after
transfection. The results are expressed as the mean * SEM. *, P < 0.01.
{B) Synergistic transactivation of the ANP promaoter is dependent on
the interaction between CSX/NKX2-5 and Cal. A Cal mutant lacking

all three LIM domains, the docking module for binding to CSX/NKX2-5, exhibited no significant cooperation on CSX/NKX2-5-induced promoter
activation. The results are expressed as the mean = SEM. (C} Cal augments synergistic transactivation between CSX/NKX2-5 and GATA~4. COS7
cells were cotransfected with the |uciferase reporter containing the ANP promoter (ANP{600]-Luc) and the expression vectors of CSX/NKX2-5
and/or GATA-4 andfor Cal. Cotransfection with CSX/NKX2-5 and GATA-4 exhibited synergistic transactivation, that was further enhanced by
additional expression of Cal. The results are expressed as the mean x SEM. *, P < 0.01, (D) Cal augments synergistic transactivation between
CSX/NKX2-5 and Tbx-5. Cotransfection with CSX/NKX2-5 and Tbx-5 exhibited synergistic transactivation of the ANP promoter (ANP[2600]-Luc),
that was further augmented by additional expression of Cal, The results are expressed as the mean * SEM. **, P < 0.05.

transactivation of the ANP promoter. Although Cal mu-
tants lacking one LIM domain, which retain the ability to
bind to CSX/NKX2-5, showed synergistic activation with
CSX/NKX2-5 on the ANP promoter, the Cal mutant
lacking the three LIM domains, which does not bind to
CSX/NKX2-5, exhibired no significant cooperation on
CSX/NEKX2-5~induced promoter activation (Fig. 3 B).
These results suggest that the synergistic transactivation
was dependent on the mutual binding berween CSX/
NKX2-5 and Cal.

It has been reported thar CSX/NKX2-5 and a zinc-finger
transcription factor, GATA-4, display synergistic transcrip-
tional activation of the ANP promoter (Durocher et al,
1997; Lee et al.,, 1998; Shiojima et al., 1999). As shown in
Fig. 3 C, Cal augmented this synergistic promoter activation
between CSX/NKX2-5 and GATA4. We and others re-
ported recently that CSX/NKX2-5 and a T-box transcrip-
tion factor, Thx-5, showed synergistic transcriptional activa-
tion of the ANP promoter (Bruneau et al., 2001; Hiroi et al.,
2001). Cal also augmented this synergistic promoter activa-
tion between CSX/NK3(2-5 and Tbx-5 (Fig. 3 D).

Cal is a transactivator

To undesstand how Cal exhibits synergistic transcriptional
activation with CSX/NKX2-5, we examined the transerip-
tional activity of Cal. The expression vector containing Cal
fused to GAL4 DNA-binding domain was cotransfected in
COS7 cells with the luciferase reporter containing the
muliimerized GAL4-binding sites. As shown Fig, 4, full
length of Cal fused to the DNA-binding domain of GAL4
transactivated a2 GAL4-dependent reporter ~13.0-fold com-

I
¢
[Ea

pared with DNA-binding demain of GAL4 alone. Cal
mutants lacking all three LIM domains, LIM2 or LIM3
domains showed no transcriptional activity, whereas the
Cal mutant containing only LIM2 and LIM3 domains
showed stronger activity than the full length of Cal. Dele-
tion of LIM1 domain showed even stronger activity, sug-
gesting that Cal itself has the transeription-promoting
activity and thar its transactivation domain is localized

GAL4 Cal mutenis  Relatve fald activation
GAL4 | UMY L2 LIkt 1.0
oasro AT TWCLIITTT]  wo
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Figure 4. Transcriptional activity of Cal. Expression vectors en-
coding the GAL4 DNA binding domain fused to the indicated regions
of Cal were transiently transfected into COS7 cells with the pG5luc-
luciferase reporter, which contained five GAL4 binding sites. Cal
fused to the DNA binding domain of GAL4 significantly transactivated
a GAL4-dependent reporter, indicating that Cal possesses tran-
scriptional activity. Cal mutants lacking LIM?2 or LIM3 showed no
transcriptional activity, whereas Cal mutants containing LIM2 and
LIM3 showed stronger activity.
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Figure 5. Subcellular [ocalization of Cal regulated
by a feucine-rich NES, (A} Rat neonatal cardiac
myocytes and Hela cells were transiently transfected
with FLAG-tagged Cal expression vector, and cells
were stained with anti-FLAG antibody followed by
anti-mouse 1gG conjugated with FITC {top, green)
and rhodamine-phailoidin {middle, red). The bottom
panel is a merged image of the top and middle
panels and reveals that Cal is localized predomi-
nantly in the cytoplasm. (B) NES sequences of Cal
and representative proteins are aligned. Leucine
residues are boxed in black, and other important
hydrophabic residues are boxed in dark gray, (C)
Hela cells, transfected with FLAG-tagged Cal ex-
pression vector (Cal-Wi), were treated with 2¢ ng/ml
LMB for 3 h, fixed, and stained with anti-FLAG
antibody. LMB treatment induces nuclear accurnu-
lation of the Cal protein, indicating the important
role of the putative NES in nuclear export of Cal.
Consistent with the LMB study, a Cal mutant lacking
this sequence (Cal-ANES) is localized predominantly
in the nucleus. (D) Nuclear export assay based on
Rev shuttling system. Rev1.4 is a NES-deficient
mutant of HIV-Rev protein, and robust nuclear
localization of Rev1.4-EGFP fusion protein is
observed even when cells are treated with 5 mg/ml
actinomycin D (ActD), which prevents nucleolar
association of HIV-Rev, The putative NES of Cal was
subcloned into pRev1.4-EGFP vector (pRev1.4-NES-
EGFP), and Hela ceils were transiently transfected
with pRev1.4-NES-EGFP. The NES of Cal is func-
tional, because Revl.4-NES-Cal is locatized also in
the cytoplasm, especially after treatment with ActD.

within the LIM2 and LIM3 domains, whereas LIM1 may

function as a repressor domain.

Cal is predominantly localized in the cytoplasm and
shuttles between the cytoplasm and the nucleus

We examined the subcellular localization of Cal protein in
culrured cells, Cultured eardiac myocytes of neonatal rats
were transiently transfected with FLAG-tagged Cal expres-
sion vector, and immunofluorescence analysis was per-

|
fent
o
3

formed using anti-FLAG antibody. Cal protein was predom-
inandy localized in the cytoplasm of cardiac myocytes at
steady state {Fig. 5 A), Similar pattern of immunofluores-
cence was obtained in other cell lines such as Hela (Fig, 5
A), COS7, and NIH3T3 cells {not depicted).

Within the amino acid sequence of Cal, there was a len-
cine-rich sequence that matched the consensus sequence of
NES (Fig. 5 B). During a nuclear export cycle, an exportin
molecule CRM1 recognizes the NES and forms 2 complex
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Figure 6. Nuclear transport of Cal in response to calcium ionophore and implications of nuclear aceumulation of Caf in transcriptional
cooperalivity with CSX/NKX2-5, (A) Hela cells, transfected with FLAG-tapged Cal expression vector, were treated with vehicle or calcium
ionophore A23187 (2 uM) for 15 min, fixed, and stained with anti-FLAG antibody. Nuclear accumulation of Cal is observed in significant
portions of transfected cells after treatment with A23187. The arrows indicate the nuclei of the transfected cells. (8} Coimmunoprecipitation
of CSX/NKX2-5 and Cal (Cal-Wt} or nuclear form of Cal (Cal-ANES} in preparations of cytoplasmic or nuclear fractions of transfected COS7
cells. Cal-ANES showed significantly stronger interaction with CSX/NKX2-5 in the nucleus than Cal-Wt. (C) The luciferase reporter containing
the ANP promoter was cotransfected in COS7 cells with the expression vectors of CSX/NKX2-5 and Cal-Wt or Cal-ANES. Cal-ANES showed
much stronger synergistic activation with CSX/NKX2-5 than Cal-Wt. The results are expressed as the mean + SEM.

with RanGTP, and mediates transport to the cytoplasm
(Fornerod et al., 1997; Mattaj and Englmeier, 1998; Ohno
et al,, 1998; Kuersten et al,, 2001). NES-dependent nuclear
export is inhibited by leptomycin B (LMB) thart interferes
with the binding of CRM1 1o NES (Kudo er al., 1998). In-
hibition of CRM1-dependent nuclear export using LMB re-
sulted in rapid nuclear accumulation of Cal protein in Hela
cells (Fig. 5 C). Although immunofluorescence studies indi-
cated that the main compartment where Cal is localized at
steady state was the cytoplasm, the accumulation of CAL af-
ter treatment with LMB suggested that Cal can shurtle be-
tween the cytoplasm and the nucleus.

To confirm that the putative NES contributes to nuclear
export of Cal, we deleted the NES sequence (residues 123~
132) in the FLAG-tagged Cal expression vector (Cal-ANES)
and examined the subcellular localization of Cal-ANES mu-
tant, Cal-ANES was predominandy localized in the nucleus
(Fig. 5 C), suggesting that this sequence mediates the CRM1-
dependent nuclear export of Cal. To test this sequence of Cal
functions as an NES, we introduced this sequence into the ex-
port-deficient form of Rev-EGFP, and tested its nuclear ex-
port activiry in Hela cells, The putative NES of Cal displayed
the export activity, especially in the presence of actinomycin
D, which prevents nucleolar association of Rev protein (Fig, 5
D). These results indicate that this 123-132-amino acid se-
quence of Cal really functions as an NES.

Cal shuttles into the nucleus in response to Ca®* signal
We explored a specific signal capable of targeting Cal pro-
tein to the nucleus. When intracellular Ca®* levels were in-
creased by Ca®* ionophore A23187, Cal protein was trans-
ported to the nucleus (Fig. 6 A). Nuclear accumulation of
Cal was detected at 10 min after addition of A23187. No
other cellular signals possessed ability to transport Cal into
the nucleus. For example, treatment with cytochalasin D, an
actin filament disrupting reagent, tetradecanoylphorbol 13-
acetate, PKC acrivator, forskolin, an adenylate cyclase acti-
vator, anisomycin, Jun-NHy—terminal kinase agonist, oka-
daic acid, a serine/threonine phosphatase inhibitor did not
induce nuclear translocation of Cal protein.

Next, we examined whether nucleocytoplasmic shuttling of
Cal protein had important implications for modifying the
transcriptional activity of CSX/NKX2-5. As indicated by
coimmunoprecipitation experiments by using cytoplasmic
and nuclear fractions of transfected cells, interaction between
CSX/NKX2-5 and wild-type of Cal (Cal-Wt) was detecrable
predominanty in the cytoplasm and slightly in the nucleus
(Fig. 6 B). When Cal-ANES, which lacks the NES and is pre-
dominantly localized in the nucleus, was cotransfected, the
level of coprecipitating CSX/NKX2-5 in the nuclear fraction
increased significantly (Fig. 6 B). Furthermore, Cal-ANES
showed much stronger synergistic transactivation of the
ANP promoter than Cal-Wt, when cotransfected with CSX/
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NKX2-5 (Fig. 6 C). These results suggest that nuclear trans-
locarion of Cal enhances CSX/NKX2-5—induced promoter
activation by promoting murual interaction in the nucleus.

Nuclear accumulation of Cal induces cardiac
differentiation of P19CL6 cells

To determine whether synergistic transactivation by Cal has
a significant effect on cardiomyocyte differentiation, we iso-
lated P19CL6 clones, which stably overexpress wild-type
Cal (P19CL6-CAL-W1) or Cal mutant lacking the NES
(P19CL6-Cal-ANES). When cultured in the medium con-
taining 1% DMSO, P19CLG cells differentiared into cardio-
myocytes, which exhibit spontaneous beating and express
cardiac-specific genes (Monzen et al., 1999). The expression
of cardiac-specific genes was examined in P19CL6 cells,
P19CL6-Cal-Wt, and P19CL6-Cal-ANES during differen-
tiation (Fig. 7 A). Northern blot analysis revealed that ex-
pression levels of a cardiac transcription factor GATA-4 and
sarcoplasmic reticulum Cat-ATPase 2 (SERCAZ) as well as
connexin 43 and calreticulin, known as downstream targets
for CSX/NKX2-5, were increased in P19CLG6-Cal-ANES
cells. RT-PCR analysis revealed that expression of ANP gene
was also up-regulated in P19CL6-Cal-ANES cells, which
was consistent with the results that Cal angmented ANP
promoter activation induced by CSX/NKX2-5. Immunocy-
tochemical analysis revealed that in P19CL6-Cal-ANES, a
larger number of cells were stained positive with anticardiac
troponin T antibody than the parental P19CL6 cells (Fig. 7
B), suggesting that nuclear accumulation of Cal strongly
promotes cardiac differentiation.

Discussion

Cal is a novel LIM domain—containing protein

We identified a novel protein Cal, which associates with the
cardiac homeobox transcription factor CSX/NIC{2-5. Calis
a member of Zyxin family, that commonly have 2 proline-
rich region at the NH; terminus, a leucine-rich sequence,
and three tandem LIM domains located at the COOH ter-
minus. The proline-rich regions of Zyxin serve as interface
to bind to 5H3 domain of Vav (Hobert et al., 1996) and
EVH1 domain of Ena/VASP family proteins (Renfranz and
Beckerle, 2002) that are implicated in control of actin orga-
nization (Gertler et al., 1996). LPP also contains proline-
rich motifs that are required for the interaction with the
EVH1 domain (Prehoda er al,, 1999), This proline-rich re-
gion of LPP directly interacts with VASP in vitro, and LPP
is colocalized with VASP in the focal adhesion. The proline-
tich regions of Ajuba interact with Grb2 (Goyal et al,
1999). Expression of Ajuba enhances MAPK activity in fi-
broblasts and promotes meiotic maturation of Xenopus
oocytes through activation of MAPK in Grb2- and Ras-
dependent manner (Goyal et al., 1999). The NH ;-terminal
portion of Cal zlso contains stretches of proline-rich se-
quences. Especially, two proline-rich sequences (LPPPPPPP
98-105 and LPPPPPPPPP 133-142) of Cal lead us to specu-
late that Cal might associate with profilin and be involved in
the organization of cytoskeletal actin in the cytoplasm be-
cause the sequence of consecutive prolines flanked by leu-
cine has been thought to be a ligand motif for profilin (Ma-
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Figure 7. Promotion of cardiac differentiation in P19CL6 cells by
nuclear accumulation of Cal, (A) Expression of cardiac genes was
examined on differentiation day nine of P19CL6 cells, P19CL6 celis
stably expressing Cal-Wt and Cal-ANES, Northern blot analysis was

performed with GATA-4, MEF2C, SERCAZ2, Connexind3 (Cx43), and
calreticulin (CRT) cDNAs and RT-PCR was performed using specific
primers for ANP. Notably, expression levels of target genes for CSX/
NKX2-5 such as Cx43, CRT, and ANPwere increased in P19CL6-Cal-
ANES. (B} Cardiac differentiation in P19CL6 cells on differentiation

day 14 was determined by immunofluorescence with anticardiac

troponin T (TnT) antibody. Much larger number of cells were stained

positive for cardiac TnT in P19CL6-Cal-ANES.

honey et al.,, 1997). Identification of proteins binding to the
proline-rich region of Cal would provide further insights
into its cellular function.

Cal interacts with CSX/NKX-2.5 both in vitro and in vivo
GST pull-down assays and coimmunoprecipitation experi-
ments indicated the association of Cal with CSX/NKX2-5
both in vitro and in vivo. Analyses using murants of both
proteins revealed that the mutual binding was mediated
through the homeodomain of CSX/NKX2-5 and the LIM
domains of Cal. Besides binding to DNA, the homeo-
domain of CSX/NKX2-5 acts as a2 module for the interac-
tion with its binding partner such as GATA~4 (Durocher et
al., 1997; Lee et al, 1998; Shiojima et al., 1999), SRF
{Chen and Schwartz, 1996}, and Tbx-5 (Hiroi er al,, 2001).
The LIM domains of Cal have a cysteine-histidine rich, dou-

ble zinc-finger motif that functions as a protein—protein in-
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