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Abstract

Microtubule-associated protein/microtubule affinity-regulating kinases (MARKs)/PAR-1 are common
regulators of cell polarity that are conserved from nematode to human. All of these kinases have a highly
conserved C-terminal domain, which is termed the kinase-associated domain 1 (KA1), although its
function is unknown. In this study, we determined the solution structure of the KA1 domain of mouse
MARK3 by NMR spectroscopy. We found that ;50 additional residues preceding the previously
defined KA1 domain are required for its proper folding. The newly defined KA1 domain adopts a com-
pact a+b structure with a babbbba topology. We also found a characteristic hydrophobic, concave
surface surrounded by positively charged residues. This concave surface includes the highly conserved
Glu-Leu-Lys-Leu motif at the C terminus, indicating that it is important for the function of the KA1 domain.
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Microtubules and their associated proteins (MAPs) play a key
role in a dynamic network that involves the regulation of cell
shape and cell polarity during differentiation, chromosome
partitioning at mitosis, and intracellular transport (Maccioni
and Cambiazo 1995; Drewes et al. 1998; Ebneth et al. 1999;
Marx et al. 2000; Manabe et al. 2002; Drewes 2004). During
these processes, the binding of tau and MAPs to microtubules
is controlled by their phosphorylation state, which is medi-
tated by microtubule-associated protein/microtubule affinity-
regulating kinases (MARKs) (Mercken et al. 1995; Sato-
Harada et al. 1996; Illenberger et al. 1996; Andersen 1998;
Drewes et al. 1998; Li et al. 2003; Trinczek et al. 2004).

MARKs are known to phosphorylate MAPs on their
tubulin binding sites and consequently induce their
detachment from microtubules (Drewes et al. 1998).
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Previous reports revealed that hyperexpression of MARKs
in cells causes disruptions of the cellular microtubule
network, leading to immediate cell death (Drewes et al.
1998; Doerflinger et al. 2003). On the other hand, hyper-
phosphorylation of a specific serine residue in tau by
MARKs was observed in the brains of Alzheimer’s disease
patients (Bondareff et al. 1995; Yanagisawa et al. 1999;
Gong et al. 2000; Eidenmüller et al. 2000; Planel et al.
2001, 2004; Okawa et al. 2003; Brich et al. 2003). Putative
orthologs of the mammalian MARKs exist in various
organisms, including partitioning-defective 1 (PAR-1) in
Caenorhabditis elegans (Kemphues et al. 1988; Guo and
Kemphues 1995), dPAR-1 in Drosophila melanogaster
(Shulman et al. 2000; Tomancak et al. 2000; Cox et al.
2001), and xPAR-1 in Xenopus laevis (Ossipova et al.
2002). These kinases are also reportedly involved in various
biological functions (Kemphues et al. 1988; Guo and
Kemphues 1995; Shulman et al. 2000; Tomancak et al.
2000; Cox et al. 2001; Ossipova et al. 2002).

The MARK/PAR-1 family proteins contain three con-
served domains: an N-terminal catalytic domain, a central
ubiquitin-associated (UBA) domain, and a C-terminal do-
main, which was termed the kinase-associated domain 1
(KA1) (Barral et al. 1999; Nikolaou et al. 2002; Ossipova
et al. 2002; Timm et al. 2003; Tassan and Le Goff 2004).
The KA1 domain was previously defined as comprising ;50
amino acid residues by the Pfam database (accession no.
PF02149), and all of the KA1 domains are localized at the C
terminus and end in the highly conserved Glu-Leu-Lys-Leu
motif, termed the ELKL motif (Espinosa and Navarro 1998;
Bessone et al. 1999). This domain has also been found in
many other kinase proteins, such as kin1, pEg3, MELK
(maternal embryonic leucine zipper kinase), and SnRK1
(Snf1-related protein kinase 1). Although the precise func-
tion of the KA1 domain is not known, several studies have
suggested that this domain is involved in protein localiza-
tion. For example, Guo and Kemphues (1996) reported that
although C. elegans PAR-1 is known to localize asym-
metrically in embryo cells, this localization is not detected
in embryo cells depleted of nonmuscle myosin II heavy
chain (NMY-2). They investigated the NMY-2-binding
site of C. elegans PAR-1 and found that the C-terminal
region, including the KA1 domain, of C. elegans PAR-1
binds NMY-2. In addition, Chartrain et al. (2006) recently
reported that, when they lack the C-terminal region
including the KA1 domain, the subcellular localizations
of the Xenopus and human pEg3 proteins are different from
those of the full-length pEg3 proteins during mitosis. On the
other hand, in Saccharomyces cerevisiae KIN2 or human
MELK, the C-terminal region reportedly acts as an auto-
inhibitory domain for the N-terminal kinase domain
(Beullens et al. 2005; Elbert et al. 2005). Their results also
showed that the KA1 domain is necessary for this auto-
inhibition.

In this study, we determined the structure of the KA1
domain of mouse MARK3 by NMR spectroscopy. We
found that an additional N-terminal region preceding the
previously defined KA1 domain is needed for the proper
folding of this domain. The correct domain boundary of
the KA1 domain was defined by a multiple sequence
alignment based on the structure.

Results and Discussion

Identification of the KA1 structural region

We first expressed the mouse MARK3 C-terminal region,
including residues Asp704–Leu753, which was previ-
ously defined as the KA1 domain in the Pfam database.
However, we were unable to obtain a soluble sample
suitable for the structure determination (data not shown).
Hence, we synthesized several constructs with different
lengths of additional N-terminal sequence and finally
obtained a soluble construct (Asp674–Leu753). This
construct also includes the native-His affinity tag sequence
with the TEV protease cleavage site (MKDHLIHNVHKEE
HAHAHNKDYDIPTTENLYFQGSSGSSG) at the N termi-
nus and six additional residues derived from the expression
vector (SGPSSG) at the C terminus. After affinity purifi-
cation, we tried to cleave the N-terminal native-His affinity
tag using TEV protease, but this construct could not be
cleaved (data not shown). Therefore, we investigated the
structure of this construct without cleavage, and found that
the N-terminal tag sequence forms an artificial b strand
(b19) and that the additional C-terminal six residues
derived from the expression vector interact with this
artificial b-strand (this structure is described in detail later).

Since these artifacts seemed to affect the intrinsic
structure of the KA1 domain, we further extended the
N terminus of the KA1 domain up to Arg659 and removed
the six C-terminal residues derived from the expression
vector. In the case of this new construct (Arg659–Leu753),
the N-terminal native-His affinity tag sequence was com-
pletely cleaved by TEV protease after affinity purification.
Therefore, we used this KA1 domain construct (Arg659–
Leu753) for the final structure determination. The resultant
protein was composed of 102 residues, including the
N-terminal tag sequence (GSSGSSG; seven residues).

Based on these results, we redefined this final KA1 con-
struct (Arg659–Leu753) as the KA1 domain. We refer to
the other two KA1 constructs (Asp704–Leu753 and Asp674–
Leu753) as the Pfam-defined KA1 (Asp704–Leu753) and the
truncated KA1 (Asp674–Leu753), respectively.

Resonance assignments and structural description

The NMR resonances were assigned by using the con-
ventional triple-resonance technique (Wüthrich 1986;

Solution structure of the KA1 domain
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Ikura et al. 1990; Bax et al. 1994; Cavanagh et al. 1996;
Kay 1997). The backbone resonance assignments were
almost complete. Tertiary structures of the KA1 domain
were calculated by using the CYANA software package
(Güntert et al. 1997; Herrmann et al. 2002; Jee and
Güntert 2003; Güntert 2004), based on a total of 1520
NOE-derived distance restraints and 84 backbone torsion
angle restraints (Table 1). The backbone superposition of
the ensemble of the 20 lowest target-function structures is
shown in Figure 1A. The root mean square deviation
(RMSD) from the mean structure was 0.53 6 0.09 Å for
the backbone atoms and 0.97 6 0.07 Å for all heavy (non-
hydrogen) atoms in the well-ordered region (residues
Lys665–Leu753). The structural statistics of the KA1
domain are summarized in Table 1.

The KA1 domain adopts an a + b sandwich fold, which
consists of two side-by-side a-helices (a1, Pro672–
Ala685; a2, Ser737–Glu750) and a five-stranded antipar-
allel b-sheet (b1, Thr667–Ser668; b2, Asp689–Glu694;
b3, Leu697–His702; b4, Val711–Lys719; b5, Asn726–
Arg732) (Fig. 1A, B). The packing of these secondary
structures is stabilized by the hydrophobic interactions
involving residues Met675 (a1), Ile679 (a1), Val682
(a1), Leu683 (a1), Leu698 (b3), Cys700 (b3), Trp713
(b4), Met715 (b4), Val728 (b5), and Ile747 (a2).

At the C terminus, the residues in the ELKL motif are well
fixed between b1 and a1, with the side chains of the two Leu
residues on the inside and those of the Glu and Lys residues
on the outside (Fig. 1B). These two hydrophobic residues
(Leu751 and Leu753) interact with Phe730 and Val728 of
b5, respectively, indicating that these residues stabilize the
interaction between a2 and b5 (Fig. 1B). Therefore, the
highly conserved ELKL motif is important for the proper
folding of the KA1 domain structure.

On the other hand, only two residues (Thr667–Ser668)
of the N-terminal region preceding a1 make a short
b-strand (b1) with b5, and most of the N-terminal region
forms an extended conformation (Fig. 1B). This charac-
teristic structure is stabilized by the interaction between
the bulky side chain of Trp662 and the aliphatic region of
Arg729 (Fig. 1B). These N- and C-terminal regions are
located on one side of the structure of the KA1 domain,
and this side has a characteristic concave surface, which
is a putative functional site, as described later.

A structural similarity search using DALI (Holm and
Sander 1995) revealed that the KA1 domain shares weak
structural homology with the N-terminal domain of the
TATA-box binding protein (TBP; Protein Data Bank
[PDB] accession code 1YTB; Kim et al. 1993), with
a Z-score of 4.6 and a sequence identity of 6%. However,
their electrostatic potential surfaces are quite different
(data not shown). Furthermore, the residues of the TBP
N-terminal domain, which directly interact with the
TATA-box DNA, are not conserved in the KA1 domain
(data not shown). Therefore, the KA1 domain belongs to
a distinct family from that of the TBP domain.

In conclusion, our structural study of the mouse
MARK3 KA1 domain revealed that the actual KA1 domain
is composed of ;100 amino acid residues, including the
previously Pfam-defined KA1 (Asp704–Leu753).

Novel multiple sequence alignment of the
MARK KA1 domain

As described above, we determined the solution structure
of the KA1 domain of mouse MARK3. Surprisingly,
our results showed that a 95-amino-acid residue sequence,
which is about twice as long as that of the Pfam-defined
KA1 (;50 amino acid residues), is required for the proper
folding of the KA1 domain. We also performed a BLAST
search with the sequence of the KA1 domain region (total
95 amino acid residues) of mouse MARK3 against the
mouse genome data set at Ensembl (http://www.ensembl.
org) and found that this region consists of only one exon
(Ensembl Transcript ID ENSMUST00000084953). This re-
sult also indicates that the N-terminal extended region is
necessary for the KA1 domain. To support this conclusion,
we searched a nonredundant sequence database using
PSI-BLAST (Altschul et al. 1997), based on the KA1
domain sequence of mouse MARK3. We found that the
MARK/PAR-1, kin1, and MELK family proteins, but not
the SnRK1 family proteins, could be detected by using this
KA1 domain sequence (data not shown). Hence, we created
a new profile hidden Markov model (HMM) of the KA1
domain sequences of the MARK/PAR-1, kin1, and MELK
protein families, using the HMMER package (Eddy 1998),
and then searched the nonredundant sequence database
using the hmmsearch program with this new profile. Based

Table 1. Summary of conformational constraints and statistics
of the final 20 structures of the KA1 domain of mouse MARK3

NOE upper distance restraints

Intraresidual (|i � j| ¼ 0) 450

Medium-range (1 # |i � j| # 4) 553

Long-range (|i � j| > 4) 517

Total 1520

Dihedral angle restraints (u and c) 84

CYANA target function value (Å2) 0.0096 6 0.0069

Number of violations

Distance violations (>0.30 Å) 0

Dihedral angle violations (>5.0°) 0

Ramachandran plota (%)

Residues in most favored regions 77.0

Residues in additional allowed regions 22.6

Residues in generously allowed regions 0.4

Residues in disallowed regions 0.0

RMSD from the averaged coordinatesa (Å)

Backbone atoms 0.53 6 0.09

Heavy atoms 0.97 6 0.07

a For residues 665–753.
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on these results, we aligned the KA1 domain sequences,
including the additional N-terminal residues (Fig. 2). Our
results showed that the N-terminal regions of the KA1
domain are well conserved among the MARK/PAR-1, kin1,
and MELK protein families, whereas the corresponding
regions of the SnRK1 protein family are not conserved
(Fig. 2). The N-terminal hydrophobic residues (Met675,
Ile679, Val682, Leu683, Leu698, and Cys700), which are
involved in the hydrophobic core of the KA1 domain of
mouse MARK3, are particularly well conserved among the
MARK/PAR-1, kin1, and MELK protein families, whereas
these residues are not conserved in the SnRK1 protein
family. Furthermore, the PAPIA system (Akiyama et al.
1998), a secondary structure prediction program, indicated

that the region corresponding to a1 of the KA1 domain has
an extended conformation in the case of the SnRK1 family
proteins (data not shown). These results suggest that the
KA1 domain of the SnRK1 family proteins belongs to
a distinct domain family from those of the MARK/PAR-1,
kin1, and MELK family proteins. In addition, the SnRK1
family proteins are found only in plants, while the MARK/
PAR-1, kin1, and MELK family proteins are not found in
plants (referenced in the Pfam database), indicating that
the structure and the function of the KA1 domains of the
SnRK1 family proteins are different from those of the
MARK/PAR-1, kin1, and MELK family proteins.

In conclusion, we propose that only the KA1 domain of
the MARK/PAR-1, kin1, and MELK family proteins

Figure 1. The solution structure of the KA1 domain of mouse MARK3. (A) Stereoview of the backbone superposition of the 20

lowest-energy structures of the KA1 domain. The region corresponding to the sequence derived from the expression vector is colored

yellow. The N and C termini are labeled. (B) Ribbon diagram of the structure of the KA1 domain. The b-strands and a-helices are

colored green and red, respectively. The side chain heavy atoms of the aromatic (Trp662, Phe730), hydrophobic (Val728, Leu751,

Leu753), positively charged (Arg729, Lys752), and negatively charged (Glu750) residues are shown in green, yellow, blue, and red,

respectively. The orientation is the same as that in A.

Fig. 1 live 4/C

Solution structure of the KA1 domain
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Figure 2. (Legend on next page)

Fig. 2 live 4/C
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should be termed the ‘‘KA1 domain,’’ and the corre-
sponding region of the SnRK1 family proteins belongs to
a distinct domain family.

Possible binding site of the KA1 domain

By mapping the highly conserved residues among the
MARK/PAR-1/kin1/MELK family members onto the KA1
structure by using the ConSurf program (Glaser et al.
2003), we found that the highly conserved residues are
clustered on one side of the structure formed by the
N-terminal region, b4, b5, and the N-terminal half of a2
(Fig. 3A). This side has a characteristic hydrophobic,
concave surface, which is surrounded by conserved,
positively charged residues Figs. (2, 3B). Since the
C-terminal region including the KA1 domain has been
suggested to be involved in the subcellular localization
of the MARK/PAR-1/kin1/MELK family proteins, the
characteristic concave surface may be the binding site
for negatively charged regions of cytoskeletal proteins. For
example, the C-terminal region containing the KA1
domain of C. elegans PAR-1 binds to the rod tail region
of NMY-2 (Guo and Kemphues 1996), which is suggested
to be negatively charged (Wendt et al. 2001). Alterna-
tively, this characteristic concave surface may bind to
its own negatively charged region, since the KA1 do-
mains of S. cerevisiae KIN2 and human MELK may be
necessary for the autoinhibitory regulation of the kinase
activity (Beullens et al. 2005; Elbert et al. 2005).
Recently, Panneerselvam et al. (2006) reported the
crystal structure of the N-terminal catalytic and central
UBA domains of human MARK2. Their results showed
that the UBA domain binds to the kinase domain and
that the linker region between the two domains is ex-
posed to the solvent. This linker contains the cluster
of negatively charged residues, which are well conserved
in the MARK/PAR-1 family proteins (Panneerselvam et al.
2006). The kin1 family proteins have neither the con-
served linker region nor the UBA domain, and the MELK
family proteins have only the UBA-like domain (Beullens
et al. 2005), but these two family proteins have sequences
that are rich in negatively charged residues at the position

following the N-terminal catalytic domain (data not
shown). Therefore, we suggest that the KA1 domain
interacts with the negatively charged region following
the catalytic domain, in order to regulate the kinase
activity of the MARK/PAR-1/kin1/MELK family proteins.

This putative binding site is supported by the structural
analysis of the truncated KA1 (Asp674–Leu753). We
determined the solution structure of the truncated KA1
(Asp674–Leu753) in a similar manner and found that
its structure is very similar to that of the KA1 domain
(Fig. 4A,B). However, the N-terminal tag sequence, cor-
responding to the TEV protease cleavage site, forms an
artificial b-strand (b19), which constitutes the b-sheet
with the C-terminal region of b5 (Fig. 4A,B). Although
the KA1 domain structure also has a b-strand (b1) at the
N terminus, this b1 is shorter than b19, and it forms
the b-sheet with the N-terminal region of b5 (Fig. 4B).
As a result, this b19covers the region corresponding to
the hydrophobic, concave surface of the KA1 domain,
indicating that this region has the potential to bind
some ligands.

In summary, we determined the solution structure of
the KA1 domain of mouse MARK3. Unexpectedly, we
found that ;50 additional N-terminal residues preceding
the Pfam-defined KA1 (Asp704–Leu753) are indispens-
able for the proper folding of the KA1 domain. The
multiple sequence alignment based on the KA1 domain
region indicated that the highly conserved residues are
clustered at a specific site. We propose that this highly
conserved surface is the ligand binding site of the
KA1 domain.

Materials and methods

Protein expression and purification

The DNA encoding the KA1 domain (Arg659–Leu753) of
mouse MARK3 (SwissProt accession no. Q03141) was subcl-
oned by PCR from the mouse full-length cDNA clone, with the
ID RIKEN cDNA 1600015G02 (Kawai et al. 2001; Bono et al.
2002), which has a single mutation (Asp to Gly at position 684).
This DNA fragment was cloned into the expression vector
pCR2.1 (Invitrogen), as a fusion with an N-terminal native His

Figure 2. Multiple sequence alignment of the KA1 domain. Sequence alignment of the KA1 domains of proteins from Mus musculus

(Mm), Homo sapiens (Hs), Xenopus laevis (Xl), Rattus norvegicus (Rn), Danio rerio (Dr), Caenorhabditis elegans (Ce), Haemonchus

contortus (Hc), Drosophila melanogaster (Dm), Anopheles gambiae str. PEST (Ag), Schistosoma japonicum (Sj), Eremothecium

gossypii (Eg), Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Neurospora crassa (Nc), Oryza sativa (Os), Hordeum

vulgare (Hv), Lycopersicon esculentum (Le), Solanum tuberosum (St), Nicotiana tabacum (Nt), Cucumis sativus (Cs), Arabidopsis

thaliana (At), Glycine max (Gm), Secale cereale (Sec), and Zea mays (Zm). The SwissProt/TrEMBL accession numbers are given in

parentheses. The residue numbers of mouse MARK3 are shown at the top. The secondary structure elements of the KA1 domain of

mouse MARK3 are indicated. The names of the MARK/PAR-1 family proteins, kin1 family proteins, MELK family proteins, and

SnRK1 family proteins are shaded in pink, yellow, green, and gray, respectively. Aromatic residues are shaded in green, hydrophobic

residues are yellow, positively charged residues are blue, negatively charged residues are red, and proline residues are magenta.

Conserved surface residues in the KA1 domains, except for those of the SnRK1 protein family, are marked with #.

Solution structure of the KA1 domain
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affinity tag and a TEV protease cleavage site. The 13C/15N-
labeled fusion protein was synthesized by the cell-free protein
expression system (Kigawa et al. 1999, 2004). The lysate was
clarified by centrifugation at 16,000g for 20 min and filtration
with a 0.45-mm membrane (Millipore). The clarified lysate
was applied to a 5 mL HiTrap Chelating HP column (Amersham
Biosciences) equilibrated with buffer A (50 mM sodium phos-
phate buffer at pH 8.0 containing 500 mM NaCl, 20 mM
imidazole) on an ÄKTA Explore system (Amersham Bioscien-
ces). The bound protein was released with elution buffer B (50
mM sodium phosphate buffer at pH 8.0 containing 500 mM
NaCl, 500 mM imidazole), and the fusion tag was cleaved by
a treatment with TEV protease for 1 h at 30°C. After dialysis
against buffer A without imidazole, the dialysate was mixed
with imidazole (20 mM final concentration) and then applied to
a 1 mL HiTrap Chelating HP column equilibrated with buffer A,
which was eluted with a concentration gradient of buffer A and
buffer B. The flow through fraction was dialyzed against buffer
C (20 mM sodium phosphate buffer at pH 7.2 containing 1 mM

phenylmethylsulfonyl fluoride [PMSF]). The dialysate was loaded
on a cation exchange column (HiTrap SP; Amersham Biosciences),
which was eluted with a concentration gradient of buffer C and
buffer D (20 mM sodium phosphate buffer at pH 7.2 containing 1
M NaCl, 1 mM PMSF). The KA1 domain-containing fractions
were collected. The identity of the protein was verified by
MALDI-TOF mass spectrometry (data not shown). The NMR
sample contained ;1 mM of uniformly 13C/15N-labeled KA1
protein, in 20 mM sodium phosphate buffer (pH 6.0) containing
100 mM NaCl, 1 mM 1,4-DL-dithiothreitol-d10 (d10-DTT), 0.02%
NaN3, and 10% 2H2O/90% 1H2O.

NMR spectroscopy, structure determination, and analysis

All NMR experiments were performed at 298 K on Bruker
AVANCE 700 and 800 spectrometers. Sequence-specific
resonance assignments were made by using the standard
triple-resonance techniques (Wüthrich 1986; Ikura et al. 1990;

Figure 3. Possible binding site of the KA1 domain. (A) The structure of the KA1 domain is represented as a space filling model. The

most highly conserved residues are scored 9 and colored magenta, while the most variable ones are scored 1 and colored blue.

Intermediately conserved residues are colored on a graded scheme between these two extremes. The conservation scores were

calculated with the program ConSurf (Glaser et al. 2003), using the sequence alignment of the MARK/PAR-1/kin1 and MELK proteins

(shown in Fig. 2). The right view is rotated by 180° around the vertical axis from the left view. (B) Distribution of charged and

hydrophobic residues on the surface of the KA1 domain (left). Positively charged, negatively charged, and hydrophobic residues are

colored blue, red, and green, respectively. Conserved residues are labeled. A ribbon diagram is also shown in the right panel. The

b-strands and a-helices are colored green and red, respectively. The orientations are the same as that in A.

Fig. 3 live 4/C
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Figure 4. The solution structure of the truncated KA1 (Asp674–Leu753) of mouse MARK3. Stereoview of the backbone

superposition of the 20 lowest-energy structures of the truncated KA1 (Asp674–Leu753). The region corresponding to the native-

His affinity tag sequence, with the TEV protease cleavage site at the N terminus, is colored yellow. The region corresponding to the

sequence derived from the expression vector at the C terminus is colored cyan. The N and C termini are labeled. (B) Superposition of

ribbon diagrams of the structures of the KA1 domain and the truncated KA1 (Asp674–Leu753). The KA1 domain is colored blue,

except for the region of the N-terminal sequence derived from the expression vector, which is colored magenta. The truncated KA1

(Asp674–Leu753) is colored gray, except for the regions of both the N- and C-terminal sequences derived from the expression vector,

which are colored yellow and cyan, respectively. The orientation is the same as that in Fig. 1.

Fig. 4 live 4/C

Solution structure of the KA1 domain
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Bax et al. 1994; Cavanagh et al. 1996; Kay 1997). The backbone
assignment was achieved by the combined analysis of HNCO,
HNCACO, HNCA, HNCOCA, CBCACONH, HNCACB, and
CCCONNH spectra. The aliphatic side chain resonances were
assigned by the combined use of HCCONH, HCCH-TOCSY,
HCCH-COSY, and 15N-edited NOESY-HSQC spectra. The side
chains of the aromatic residues were assigned mainly by
analyzing the HCCH-COSY and 13C-edited NOESY-HSQC
spectra for the aromatic region. The 15N-edited NOESY-HSQC
and 13C-edited NOESY-HSQC spectra with 80-msec mixing
times were used for the structure calculation. The spectra were
processed with the program NMRPipe (Delaglio et al. 1995).
KUJIRA (N. Kobayashi, pers. comm.), a software package of
integrated modules, was used for the systematic and interactive
analysis of the NMR data. NMRView (Johnson and Blevins
1994) was used as a core module of KUJIRA for displaying
contour plots and controlling spectrum windows. Automated
NOE cross-peak assignments and structure calculations with
torsion angle dynamics were performed using the software
package CYANA (Güntert et al. 1997; Herrmann et al. 2002;
Jee and Güntert 2003; Güntert 2004). The u and c restraints
from the TALOS program (Cornilescu et al. 1999) were also
included for the calculations, with allowed ranges of 620°.

The final structure calculations with CYANA were started
from 100 conformers with random torsion angle values. The 20
conformers with the lowest final CYANA target function values
were selected for the final structure set. The structures were
validated by using PROCHECK-NMR (Laskowski et al. 1996).
Figures were generated with the MOLMOL program (Koradi
et al. 1996) and the PyMol program (DeLano Scientific). The
program ConSurf (Glaser et al. 2003) was employed to identify
the functionally important regions on the surface of the protein.

Construction of the newly defined KA1 HMM profile

We first performed a PSI-BLAST search (Altschul et al. 1997)
with the region Arg659–Leu753 of mouse MARK3 against the
NCBI nonredundant sequence database. In total, five iterations
were performed with the default parameter settings. The
multiple sequence alignment of the acquired KA1 domain
sequences was carried out by using the ClustalW program
(Thompson et al. 1994) and then was edited manually. We used
these aligned sequences as input for the hmmbuild program of
the HMMER 2.3.2 package (Eddy 1998), to construct a profile
of the KA1 domain. With this profile, we searched the NCBI
nonredundant sequence database, using the hmmsearch program
of the HMMER 2.3.2 package. Finally, we modified the multiple
sequence alignment of the KA1 domains, based on this
hmmsearch result.

PDB accession numbers

The structures of the KA1 domain and the truncated KA1
(Asp674–Leu753) of mouse MARK3 have been deposited in the
PDB, with the accession numbers 1UL7 and 1V5S, respectively.
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