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Crystal structure of MO25α in complex with the
C terminus of the pseudo kinase STE20-related adaptor
Christine C Milburn1, Jérôme Boudeau2, Maria Deak2, Dario R Alessi2 & Daan M F van Aalten1
Mouse protein 25 (MO25) is a 40-kDa protein that, together with the STE20-related adaptor- (STRAD) pseudo kinase, forms
a regulatory complex capable of stimulating the activity of the LKB1 tumor suppressor protein kinase. The latter is mutated in the
inherited Peutz-Jeghers cancer syndrome (PJS). MO25 binds directly to a conserved Trp-Glu-Phe sequence at the STRAD
C terminus, markedly enhancing binding of STRAD to LKB1 and increasing LKB1 catalytic activity. The MO25 crystal structure
reveals a helical repeat fold, distantly related to the Armadillo proteins. A complex with the STRAD peptide reveals a hydrophobic pocket that is involved in a unique and specific interaction with the Trp-Glu-Phe motif, further supported by mutagenesis
studies. The data represent a first step toward structural analysis of the LKB1–STRAD–MO25 complex, and suggests that MO25 is
a scaffold protein to which other regions of STRAD–LKB1, cellular LKB1 substrates or regulatory components could bind.

PJS is an autosomal-dominant inherited disorder that results in the
development of multiple gastrointestinal hamartomas and a predisposition to the development of benign and malignant tumors (reviewed in
ref. 1). The majority of those with the syndrome have germline mutations that have been mapped to a gene encoding a widely expressed
Ser/Thr protein kinase termed LKB1 (refs. 2,3). The role of LKB1 in PJS
has been emphasized by recent mouse knockout studies in which mice
heterozygous for the gene develop a PJS-like phenotype4–8. Overexpression studies have suggested that LKB1 may function as a tumor
suppressor and induce a G1 cell cycle arrest, potentially acting through
the p53 and p21 pathways9–11. In addition, work in Caenorhabditis
elegans12, Drosophila melanogaster13, Xenopus spp.14 and mammalian
cells15 has indicated that LKB1 may play a role in controlling cell polarity. The inability of cells to properly regulate their polarity could be
linked to the development of hamartomas associated with PJS.
Although it is known that LKB1 is post-translationally modified by
phosphorylation and prenylation1, these findings have thus far provided little insight into how LKB1 is regulated. Recent studies have led
to the characterization of an active complex of LKB1 in which LKB1 is
associated with STRADα (ref. 16) and MO25α (ref. 17). STRADα has
an STE20-like protein kinase domain but lacks two key motifs in subdomains VIb and VII of its catalytic domain that are indispensable for
catalytic activity. Thus STRADα is catalytically inactive and has therefore been classified as a pseudo kinase16. The importance of binding of
STRADα to LKB1 was further demonstrated by the finding that RNAi
depletion of STRADα from G361 cells inhibited LKB1 from inducing
a G1 cell cycle arrest and by the observation that a catalytically active
LKB1 mutant that could not inhibit cell growth isolated from a PJS
patient failed to bind STRADα16. More recently it has been shown that
LKB1 phosphorylates and activates AMPK18,19. Crucially, STRADα

and MO25α together enhance the rate at which LKB1 phosphorylates
and activates AMPK by over two orders of magnitude, indicating that
these proteins play important roles in allowing LKB1 to recognize and
phosphorylate AMPK18.
MO25α was found to interact with the last three C-terminal
residues of STRADα, which lie in a Trp-Glu-Phe motif. Individual
mutation of any of these residues to alanine ablated the interaction of
MO25α with STRADα17. Binding of STRADα to LKB1 enhanced in
vitro activity toward AMPK about four-fold, and this activation is
increased to >50-fold in the presence of MO25α (ref. 18). Moreover,
MO25α markedly enhanced the binding of STRADα to LKB1 and also
cooperated with STRADα to anchor LKB1 in the cytoplasm and
exclude it from the nucleus17. Recent work indicates that cytoplasmic
localization of LKB1 may be critical, as suggested by the observation
that a mutant of LKB1 that does not enter the nucleus is still capable of
suppressing cell growth11.
A search of sequence databases shows that MO25α is highly conserved between species (51% identity with the fission yeast ortholog)
and that human MO25α contains the basic unit of what was referred
to as the “MO25 domain” in the PFAM database. All other eukaryotic
species contain orthologs of MO25α that encompass this basic unit
core with diverse N- and C-terminal extensions17. A search of the PDB
database revealed no information on the potential structural fold of
the MO25 domain, with a maximum of only 15% sequence identity
with small regions of structurally defined proteins.
Here we report the crystal structures of both MO25α alone and
MO25α in a complex with a peptide corresponding to the 12
C-terminal residues of STRADα. These studies reveal that MO25α is a
helical-repeat protein that bears some similarity with the Armadillo
family of repeat proteins. The structure defines a deep molecular
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Figure 1 Stereo ribbon drawing of the MO25α–peptide complex structure,
showing the two N-terminal helices followed by six repeats of three helices
each. Each repeat is labeled (R1–R6) and shown in a distinct color, with the
two N-terminal helices colored magenta, R1 red, R2 orange, R3 yellow, R4
green, R5 pale blue and R6 dark blue. Helices H1, H2 and H3, making up a
repeat, are labeled for R5. The side chains forming the RR-RH motif at the
end of H3 are shown for all repeats with gray carbons, with the residues
labeled. The STRADα peptide is shown as sticks with orange carbons. The
convex and concave sides of the MO25α protein are labeled.

pocket on MO25α that binds the Trp-Glu-Phe motif on STRADα. We
establish by mutational analysis the importance of key residues located
in this pocket in allowing MO25α to interact with STRADα. The
results of this study represent the first step toward mapping the interactions occurring within the LKB1 complex and provide important
information about the structural relationship between MO25 proteins
in different species.
RESULTS
Overall structure
The structure of human MO25α in complex with the C terminus of
STRADα (NLEELEVDDWEF) was solved by a selenomethionine

MAD experiment. Experimental phases were obtained to a resolution
of 1.85 Å, and the maps were of sufficiently high quality for automatic
interpretation with warpNtrace20. The structure of apo MO25α in the
absence of the STRADα peptide was then solved by molecular replacement using diffraction data at 2.6 Å, with two monomers in the asymmetric unit. Statistics of the diffraction data and the final models are
shown in Table 1.
The MO25α structure reveals an unexpected fold consisting of six
repeating units (R1–R6), each containing three helices (H1–H3) of
variable length. The repeats R1–R6 have a similar structure (Figs. 1
and 2), with an average pairwise r.m.s. deviation of 1.45 Å (on Cα
atoms) and an average length of 42 residues. The repeats are stacked
together, forming a large right-handed helix, with an average twist
between repeats R1 through R5 of 8°. N-terminal to the region with
the R1–R6 repeats are two antiparallel helices, twisted 35° relative to
the adjacent R1 repeat (Fig. 1). The C-terminal repeat (R6) has a
larger-than-average twist (∼50° relative to the adjacent R5 repeat),
caused by an extended loop between R5 H3 and R6 H1. This loop
contains the residues NPNKT (Fig. 2b), with the proline altering the
angle of the repeat following the loop. The extra three residues push
R6 to its novel position (Fig. 1). This large twist leads to the creation
of a hydrophobic pocket ∼16 Å by 10 Å between R5 and R6, as well
as to exposure of hydrophobic residues normally covered in the
other repeats.

Figure 2 Repeat structure. (a) Stereo ribbon drawing showing the MO25α
repeats superimposed onto R3 using LSQMAN52, in an orientation rotated
90° around the x-axis relative to Figure 1. Repeats are colored as in
Figure 1. Helices H1, H2 and H3 are labeled. (b) Structure-based sequence
alignment of the six repeats of MO25α, together with two representative
repeats from β-catenin. For the MO25α repeats, conserved hydrophobic
residues are shown in blue and conserved acidic residues in magenta.
Helices are defined by cylinders labeled H1–H3, and the residues
corresponding to these helices are boxed by a black line. The residues in the
RH motif are shown in bold. The ΦXXΦ motif (Φ, hydrophobic residue; X,
any residue) is indicated below the sequences. Below the MO25α repeats, a
structure-based sequence alignment with the third and fourth repeats from
β-catenin is shown, based on the superposition of these repeats on the third
repeat from MO25α. Hydrophobic residues conserved between β-catenin
repeats are green, and helices are boxed by a black line. Below the sequence
alignment is shown the consensus sequence for β-catenin repeats, taken
from Huber et al.29.
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Figure 3 Electrostatic potential of the surfaces of (from left to right) MO25α, PUM1, β-catenin and importin-α made with GRASP53. MO25α is shown in the
same orientation as in Figure 1. The PUM1 (ref. 32), β-catenin40 and importin-α39 structures were superimposed onto the MO25α structure and are shown
at the same scale and orientation. Blue areas (+6 kT) represent highly positively charged residues, red areas (–6 kT) highly negatively charged residues.
Ligands are shown as sticks. The concave and convex sides of the proteins are labeled.

Although there is little sequence similarity between the repeats, a
structure-based sequence alignment of the repeats reveals a conservation of seven hydrophobic patches within H1, H2 and H3 at equivalent
positions (Fig. 2b). A ΦXXΦ pattern (where Φ indicates a hydrophobic residue and X any residue) occurs, with the result that the helices
are amphipathic in nature (Fig. 2b). This motif is responsible for the
majority of the packing interactions between the repeats, and also for
the formation of a continuous hydrophobic core at the center of the
superhelical structure. The supertwist of the N- and C-terminal
repeats blocks access to the central core of the superhelix.
Overall, the protein shows curvature along the N-to-C axis, creating
a convex and a concave side (Fig. 1). The surface of the convex side is
formed by two helices, H1 and H2 of each repeat (Fig. 1). H1 is the
smallest helix in the repeat, being on average 10.2 residues long (Figs. 1
and 2). H2 is of intermediate size, being on average 11.3 residues long.
The concave side of MO25α is formed by the longest helix in the
repeat, H3, which is on average 15.9 amino acids long. Despite H3
being variable in length (12–16 amino acids long), the C-terminal
ends of these helices are brought into alignment with each other by
virtue of the twist between the repeats. In four of six repeats, H3 ends
in an Arg-His/Arg motif, forming a basic strip running along the
length of the edge of the concave region (Figs. 1, 2b and 3).
Earlier predictions that MO25α is a Ca2+-binding protein were
based on motifs toward the C terminus. These motifs resemble those
of the EF hand, Ca2+ and calmodulin binding motifs of plasma membrane Ca2+-ATPase21,22. Despite the crystallization of MO25α with an
excess of Ca2+, there is no evidence in the electron density for ordered
Ca2+ ions. We also examined the region (corresponding to R5) of
MO25α that was claimed to be similar to a EF hand motif; however, it
does not resemble the Ca2+-binding regions of the structures of EF
hand–containing proteins such as calmodulin23.
Structural similarity to other proteins
A search for proteins structurally homologous to MO25α was done
using the SCOP24 and Dali25 databases. The results show that MO25α is
topologically similar to Armadillo repeat proteins (ARPs) such as
importin-α (PDB entry 1EE5), which is involved in nuclear trans-

port26–28 and the multifunctional β-catenin (PDB entry 1G3J)29 (Fig. 3).
There is also a resemblance to the ARP-related, RNA-binding Pumilio
repeat protein PUM1 (PDB entry 1M8W)30–32, which binds to specific
nanos response elements (NREs) within the RNA (Fig. 3), and to HEAT
repeat proteins such as protein phosphatase 2A (PDB entry PP2A)33.
Like MO25α, the ARPs are composed of a repeating unit of three
helices (Fig. 3), all of comparable size to those in MO25α, a short H1, a
medium-length H2, forming the convex side, and the largest helix, H3,
forming the concave side of the repeating unit (Fig. 3). When MO25α
and the ARPs are compared, a similar pattern of seven hydrophobic
residues in each of the repeats is observed (Fig. 2b), although these do
not structurally align precisely. Further sequence conservation
between MO25α and ARPs was not found, although this is not entirely
unexpected because ARPs typically have diverse sequences beyond the
conserved hydrophobic residues33–35.
The variation in repeat length (Fig. 3) and the pronounced difference between sequence-based sequence alignments and structurebased sequence alignments of the MO25α repeats explain why
MO25α has not been previously identified as a potential ARP.
Similarly, structural homology to the Pumilio proteins was not
detected, because the helices in these proteins are of different lengths
than those in MO25α and ARPs (Fig. 3).
Interaction with the C terminus of STRAD
As discussed in the introductory section, the C-terminal Trp-Glu-Phe
residues of STRADα interact with MO25α, although it was not known
where this motif binds on MO25α (ref. 17). To investigate the structural basis of the MO25α-STRADα interaction, crystals were grown in
the presence of a peptide that encompasses the 12 C-terminal residues
of STRADα (terminating in the Trp-Glu-Phe sequence), and the
structure of the complex was solved (Table 1 and Fig. 4a,b). There was
well-defined electron density for the last three residues of the peptide
(Trp-Glu-Phe) and backbone density for a fourth residue (Asp) within
the hydrophobic groove at the C terminus of MO25α that is formed by
the increased twist between R5 and R6 (Figs. 1 and 4a).
The majority of interactions between MO25α and the STRADα
peptide are hydrophobic or stacking interactions to the tryptophan
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Figure 4 Binding of the STRAD peptide. (a) A
stereo ribbon diagram, in the same orientation
as Figure 1, showing the two C-terminal repeats
of MO25α. R5 is light blue and R6 dark blue.
Residues interacting with the peptide are sticks
with gray carbons, and the peptide is shown with
orange carbons. The experimental solventflattened electron density map (contoured at
2.5 σ) for the peptide is shown in red. (b) Surface
representations of the STRADα-binding site in the
apo MO25α (left) and complex (right) structures,
in the same orientation as Figure 1. The surfaces
of the proteins are gray with surface areas that
are involved in the binding of STRADα colored
transparent teal blue. Residues that interact with
the STRADα peptide are shown as sticks behind
the teal surface, with the carbons colored gray.
The peptide is shown as sticks with orange
carbons. (c) Transparent surface representations
of the MO25α–STRADα peptide complex,
showing the convex surface (left image, rotated
–90° around the y-axis compared with Fig. 1) and
the concave surface (right image, rotated +90°
around the y-axis compared with Fig. 1). The
surfaces are colored by sequence conservation;
regions conserved between human and C. elegans
MO25α are blue, whereas unconserved regions
are gray. The STRADα peptide is a stick model
with orange carbons. Below the surface, the
helices are gray.

and phenylalanine of the Trp-Glu-Phe motif, together with a few
potential ionic interactions. The tryptophan of the peptide sits in a
deep hydrophobic pocket and makes the majority of the interactions
with the protein, interacting with Arg264, Met260, Phe305, Leu302
and Leu263 (Fig. 4a,b). The phenylalanine of the Trp-Glu-Phe motif
sits in a second hydrophobic pocket within the STRADα-binding site
and interacts with Lys257, Lys297, Ile294 and Asn261 (Fig. 4a,b). The
glutamic acid residue of the Trp-Glu-Phe motif is more solventexposed and makes three interactions with the surrounding binding
site, a hydrogen bond to Asn298 and ionic interactions with the
side chains of Lys297 and Lys301 (Fig. 4a,b). In addition, there are
potential ionic interactions between Lys257/Lys297 and the
C-terminal carboxylate group of the peptide, and between Arg264 and
the partially disordered aspartate side chain of the peptide (Fig. 4a,b).
Comparison of the MO25α–peptide complex with the apo MO25α
structure reveals some minor conformational changes. On a localized
scale around the binding site, the binding of STRADα to MO25α
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causes rearrangement of the amino acids
lining the pocket (Fig. 4b). The largest movements are made by the side chains of Arg264
(maximum shift 3.7 Å) toward the tryptophan of the peptide, of Lys297 (maximum
shift 4.9 Å) toward the glutamate in the peptide, and of Glu304, which moves 5 Å away
from the binding site, creating the peptidebinding site. On the overall protein scale,
there are some differences between the apo
and complex structures (r.m.s. deviation on
all Cα atoms = 0.52 Å), resembling the
‘breathing motion’ described in the PUM
structures30–32. Yet, these differences may be
within the experimental error at this resolution (2.6 Å for the apo structure), and there
are similar overall differences between the two monomers in the apo
MO25α structure (data not shown).
Previous studies of MO25α have described the high degree of
sequence conservation between MO25α and its orthologs17. The
degree of similarity between the different MO25 family proteins is
high (for example, 51% sequence identity between human and yeast),
suggesting that MO25α may have an essential function within the cell.
The sequence conservation is evenly distributed throughout the protein sequence, with a slightly higher conservation toward the C terminus, corresponding to the STRADα-binding site (Figs. 4c and 5).
Almost all residues directly interacting with the Trp-Glu-Phe motif are
conserved (Fig. 5c). Notably, residues lining the concave surface of
MO25α are also largely conserved between the different species, suggesting a conserved function or binding partner for this region
(Fig. 4c). It is this surface that in the Armadillo and Pumilio proteins is
involved in binding other macromolecules (Fig. 3)36. It is not known if
such an interaction also exists for MO25α.

VOLUME 11 NUMBER 2 FEBRUARY 2004 NATURE STRUCTURAL & MOLECULAR BIOLOGY

ARTICLES

© 2004 Nature Publishing Group http://www.nature.com/natstructmolbiol

a

b

down

Figure 5 Mutagenesis of the STRAD peptidebinding site. (a) Binding of bacterially
expressed wild type or indicated mutants of
Myc-MO25α to the STRADα-C12 peptide
c
Repeat 5
was analyzed by surface plasmon resonance
H1
H2
H3
BiaCore analysis as described in Methods.
242 N F T I M T K Y I S K P E N L K L M M N L L R D K S R N I Q F E A F H V F K V F V A N P N K
h M O 2 5 a
Binding was analyzed over a range of MO25α
242 N F T V M T R Y I S E P E N L K L M M N M L K E K S R N I Q F E A F H V F K V F V A N P N K
D M O 2 5 a
244 N F S T M N K Y I T S P E N L K T V M E L L R D K R R N I Q Y E A F H V F K I F V A N P N K
c MO 2 5 a
protein concentrations (6.25–3,200 nM), and
the response level at the steady-state binding
Repeat 6
was plotted against the log of the MO25α
H1
H2
H3
concentration. For the mutants for which
312 T Q P I L D I L L K N Q A K L I E F L S K F Q N D R T E D E Q F N D E K T Y L V K Q I R D L K R P A Q Q E A
h M O 2 5 a
substantial binding could be detected,
312 P K P I L D I L L R N Q T K L V D F L T N F H T D R S E D E Q F N D E K A Y L I K Q I K E L K - - P L P E A
D M O 2 5 a
c MO 2 5 a
314 P R P I T D I L T R N R D K L V E F L T A F H N D R T N D E Q F N D E K A Y L I K Q I Q E L R V - - - - - estimated Kd values were obtained by fitting
the response curves to the 1:1 Langmuir
binding model using BIA evaluation software. The apparent Kd values were as follows: wild-type MO25α = 400 nM, MO25α R264K = 300 nM, MO25α
N261A = 900 nM, MO25α K257A = 1,300 nM, MO25α L302A = 600 nM. For the other MO25α mutants the binding was too weak to permit quantitative
assessment of the Kd. (b) A 3-µg aliquot of the construct encoding N-terminal GST-tagged wild-type STRADα was transfected in 293 cells together with 3 µg
of the construct encoding wild type or the indicated mutants of Myc-MO25α, and 36 h post-transfection the STRADα protein was affinity-purified from the
cell lysates using glutathione-Sepharose. Similar amounts of the purified proteins were subjected to SDS-PAGE and immunoblotting with anti-Myc to detect
copurified Myc-MO25α, or with anti-GST to ensure that comparable amounts of the GST-tagged STRADα were present in each lane (upper panels). A 10-µg
sample of the total cell lysates before affinity purification was also subjected to immunoblotting with anti-Myc to ensure that Myc-MO25α was expressed
at similar levels in each condition (lower panel). (c) Sequence alignment between human (h), D. melanogaster (d) and C. elegans (c) MO25α for the region
(R5–R6) involved in STRADα binding. Conserved residues are shaded black, and similar residues are shaded gray. Residues contacting the peptide are
indicated by an arrow, whereas the positions of helices H1–H3 in each repeat are given by cylinders.

Similar to the interaction between MO25α and STRADα, some of
the other helical-repeat proteins, in addition to interacting with their
main ligand on their concave surface, can also bind to other additional
partners on the convex side of the multiple-repeat structure.
Mutagenesis studies carried out in PUM1 (refs. 30, 31) have confirmed
the ability of these repeat proteins to bind partners on both the concave and convex surfaces33,37,38. As well as binding NRE-containing
RNA along its concave side, PUM1 binds the protein partners NOS
and BRAT at its C terminus along its convex side30,31.
Mutagenesis of residues in the Trp-Glu-Phe binding pocket
The interactions seen in the structure support the previously published alanine scanning mutagenesis of the WEF motif17. Mutation of
the tryptophan or phenylalanine abolished the ability of STRADα to
bind to MO25α, whereas the mutation of the glutamic acid markedly
decreased the interaction. To investigate the contributions of the
amino acids in the STRADα peptide-binding pocket of MO25α to
binding of the peptide, we mutated the residues on MO25α that are
observed to interact with the Trp-Glu-Phe motif in the crystal structure and evaluated the effect that this had on the ability of MO25α to
bind a biotinylated peptide encompassing the 12 C-terminal residues
of STRADα, using a quantitative surface plasmon resonance–based
binding assay (Fig. 5a; wild-type MO25α interacted with this peptide
with Kd = 400 nM). Individual mutation of residues Met260 and
Leu263 (which make important hydrophobic interactions with the
tryptophan of the peptide) to alanine resulted in a complete loss of

binding of these mutants to the STRADα-C12 peptide (Figs. 4 and
5a). A similar loss in binding was achieved by the double mutation
K297A K301A—affecting residues involved in electrostatic interactions with the peptide (Figs. 4 and 5a). The corresponding single
mutants (K297A and K301A) resulted in significant loss of binding,
suggesting that individually these residues make significant contributions to the binding (Figs. 4 and 5a). The mutation of Arg264, which
interacts with the tryptophan of the peptide (Fig. 4), to alanine caused
almost total loss of binding (Fig. 5a). However, mutation of the same
residue to a lysine (R264K, also seen in MO25α of other species;
Fig. 5c) did not affect binding (Fig. 5a, apparent Kd = 300 nM). This
suggests that it is the charge that is the key interaction for Arg264,
rather than the stacking interaction with the tryptophan (Fig. 4).
Further mutations of residues interacting with the tryptophan or
phenylalanine in the peptide also resulted in significant loss of binding
(K263A, F305A, I294A, D261A; Fig. 5a). These findings were also confirmed with an in vivo binding assay using 293 cells in which wild-type
and mutant forms of MO25α were coexpressed with glutathione
S-transferase–STRADα (GST-STRADα) and the amount of MO25α
copurifying with GST-STRADα was quantified after affinity purification on glutathione-Sepharose (Fig. 5a).
DISCUSSION
We have described the structure of MO25α, a novel regulatory component of the LKB1 complex that plays a crucial role in allowing LKB1 to
phosphorylate and activate AMPK18. Although MO25α is structurally
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Table 1 Data collection and structure refinement

served ladders of basic and aromatic residues
interacting with the RNA bases. Notably,
Apo
Peptide λ1
Peptide λ2
comparison of MO25α of different organisms
shows that the concave surface is conserved
Data collection
and contains an Arg-His/Arg motif on the
Wavelength (Å)
0.933
0.979355
0.979333
Space group
P212121
P21212
P21212
C termini of the repeats. Therefore, we proUnit cell dimensions(Å)
pose that the concave surface of MO25α can
a
70.36
77.65
77.65
be expected to bind a ligand that has not yet
b
94.01
134.03
134.03
been defined.
c
96.33
40.22
40.22
Pumilio and ARP proteins contain specific
30–2.60 (2.69–2.60)
25–1.85 (1.92–1.85)
25–1.85 (1.92–1.85)
Resolution (Å)a
amino acids along the concave sides of the H3
Observed reflections
106,613
324,698
162,078
helices for interacting with their RNA or proUnique reflections
20,073
36,794
36,585
tein ligands28,32. MO25α does not possess any
5.3 (4.3)
8.8 (8.8)
4.4 (4.5)
Redundancya
of the known sequence motifs of the PUMs
Completeness (%)a
98.6 (90.6)
99.6 (99.0)
99.5 (99.9)
and ARPs. However, if MO25α and PUM1
a,b
Rmerge
0.118 (0.522)
0.073 (0.476)
0.063 (0.502)
concave
surfaces are compared, the region of
I / σ Ia
16.3 (2.7)
41.7 (4.9)
25.4 (3.4)
MO25α equivalent to the RNA-binding
region of the PUM protein contains the ArgRefinement
His motif mentioned earlier (Figs. 1, 2b and
524
745
Reflections in Rfree
3). The ability of arginines to form electroRcryst
0.212
0.203
static and stacking interactions similar to the
c
0.279
0.231
Rfree
aromatic and basic residues involved in the
Number of atoms
Pumilio RNA binding30–32,36 suggests that,
Protein
5,146
2,619
although the MO25α concave surface lacks
Water
12
310
the sequence motifs of the PUM or ARPs, it
Peptide
–
43
may have the potential to bind an interacting
B-factors
partner such as RNA.
24.0
30.6
Wilson B (Å2)
2
The structure of the complex with the
protein (Å )
23.97
29.60
STRADα peptide reveals how binding partwater (Å2)
36.92
37.41
ners can interact with these helical-repeat
peptide (Å2)
–
32.68
scaffolds. The STRADα-binding site is
R.m.s. deviations from ideal
located on the convex side of MO25α, distant
Bonds (Å)
0.019
0.013
from the unoccupied putative concave bindAngles (°)
1.9
1.4
Main chain B (Å2)
1.5
2.1
ing site. Taken together with the biological
evidence gathered so far, the data suggest that
aValues in parentheses are for the highest-resolution shell. All measured data were included in structure refinement.
bR
c
MO25α acts as a scaffolding protein, which
merge = Σ(|I − <I>|) / ΣI. R / Rfree = Σ(|Fo − Fc|) / ΣFo.
has the potential to assemble around it
STRADα,
through interactions on the
similar to other helical-repeat proteins, the concave side of the arc- convex surface, as well as other components of the LKB1 complex,
shaped protein does not contain any of the known motifs. In the avail- potentially through interactions on the concave surface. Future experable crystal structures of Armadillo and Pumilio proteins in complex imental work will need to focus on if and how LKB1 directly interacts
with various ligands, there seems to be a common binding mode, with with MO25α in the context of the heterotrimeric complex, and to
all these proteins binding target ligands along their concave edge identify and define the importance of other MO25α-binding partners
(Fig. 3). In ARPs, this ligand is typically a peptide sequence, such as in regulating LKB1 tumor suppressor function.
the nuclear localization signal (NLS) from simian virus 40 large T antigen28 and nucleoplasmin in importin-α39, and peptide sequences such
METHODS
as the TCF3 catenin-binding domain40, the E-cadherin cytoplasmic Cloning and mutagenesis. The MO25α construct used for crystallography
41
42
domain and the interacting protein ICAT in β-catenin . In PUM was amplified by PCR using the HIGH-fidelity PCR system, with an IMAGE
proteins such as PUM1, the ligand binding in the concave region of the Consortium EST clone (IMAGE clone 4822388, NCBI entry BG719459) as a
protein is a NRE-containing RNA sequence (Fig. 3)30–32,36. The template, and the 5′ primer 5′-GGATCCCATCACCATCACCATCACCTGresidues lining the concave surface of these proteins differ according to GAAGTTCTGTTCCAGGGGCCCCCGTTCCCGTTTGGGAAGTCTCAthe target ligand type. In ARPs, the mode of interaction along the con- CAAAT-3′ and the 3′ primer 5′-GGATCCTTAAGCTTCTTGCTGAGCTG
cave surface is varied; for instance, in karyopherin-α there are con- GTCTCTTC-3′. This amplified a DNA segment encoding the entire length of
served stacking interactions, in which successive tryptophans on the MO25α, which was marked with a PreScission protease-cleavable N-terminal
repeats stack with conserved lysines in the NLS peptide28, whereas His6-tag. The resulting PCR product was ligated into pCR2.1-TOPO
(Invitrogen) and subcloned as a BamHI-BamHI fragment into the pGEXβ-catenin recognizes a diverse range of protein ligands in this concave
6P-1 vector.
region by virtue of the overall positive charge of the groove formed by
The constructs encoding GST-STRADα in the pEBG-2T vector and Mycthe larger twist along the length of the superhelix (Fig. 3). PUM pro- MO25α in the pCMV5 vector used in the cotransfection binding assay and the
teins require a series of conserved residues running the length of the wild-type GST-Myc-MO25α in the pGEX-6P-1 vector used in the BiaCore
concave surface. Each repeat recognizes a single RNA base, and subse- analysis have been described17. Site-directed mutagenesis to generate the
quent bases are stacked between successive repeats, resulting in con- indicated mutants of Myc-MO25α in the pCMV5 or pGEX-6T vectors was
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done following standard procedures using the QuikChange mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. DNA constructs
used for transfection studies were purified from bacteria using a Qiagen plasmid MegaKit according to the manufacturer’s manual. The sequences of all
constructs were verified by DNA sequencing (The Sequencing Service, School
of Life Sciences, University of Dundee, Scotland, UK).
Expression and purification of MO25 for crystallization. Selenomethioninesubstituted protein was prepared by expressing protein in Escherichia coli
methionine auxotrophic cells (B834). Cells were grown overnight in LuriaBertani medium and then further amplified in M9 minimal medium supplemented with 1 g l–1 amino acid mix lacking methionine43. Adenine, guanosine,
thymine and uracil were added at 0.5 g l–1, FeSO4 was added at 4 mg l–1 and
ZnCl2 at 40 mg l–1. The medium was then filtered through a 0.22-µm filter, and
L-selenomethionine was added to a final concentration of 125 mg l–1.
The cells were grown to A600 = 0.5 at 37 °C before protein expression was
induced by the addition of 250 µM IPTG, and the cells were cultured for an
additional 16 h at 27 °C. Buffer 1 contained 50 mM Tris-HCl, pH 8.0, 1 mM
EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium
β-glycerophosphate, 50 mM NaF, 5 mM DTT and ‘complete’ protease cocktail tablets (one tablet per 50 ml buffer). Buffer 2 contained 50 mM Tris,
pH 8.0, 200 mM NaCl, 5 mM DTT and 0.1 mM EGTA. The cells were harvested by centrifugation at 3,500g for 30 min, and the cell pellet from each
liter of culture was resuspended in 50 ml of buffer 1. Lysis was achieved by
adding DNase-1 and 0.5 mg ml–1 lysozyme, incubating for 30 min on ice and,
finally, six 30-s cycles of sonication. The lysate was centrifuged at 14,500g for
30 min to remove residual debris before passing the supernatant through a
0.44-µm filter. This supernatant was incubated at 4 °C on a rotating platform
with glutathione-Sepharose in a ratio of 2 ml of beads per liter of original culture. The beads were then washed six times with 10 ml of buffer 1 per 1 ml of
beads, and then six times with buffer 2 in the same ratio of beads to buffer.
The N-terminal GST tag was removed from the GST-MO25α fusion protein
by incubating the beads with PreScission protease (40 µg protease per 1 ml of
beads) at room temperature for 30 min and subsequently at 4 °C for 16 h. The
beads were then washed with 10 bed volumes of buffer 2 to elute the protein,
and this supernatant was then passed back over a 1-ml column of
glutathione-Sepharose equilibrated in buffer 2 to remove GST contaminants.
The supernatant was then concentrated to 4 ml volume and loaded onto a
Superdex 75 26/60 gel filtration column pre-equilibrated in buffer 2. MO25α
purified in this manner was homogeneous, as verified by SDS-PAGE and electrospray mass spectrometry, which also confirmed complete incorporation of
selenomethionine.
Expression and purification of GST-MO25 for BiaCore analysis. Wild-type
and mutant forms of GST-Myc-MO25α used in the BiaCore binding analysis
were expressed and purified as above in E. coli, except that after affinity purification on glutathione-Sepharose, the resin was washed four times in HBS-P
buffer (10 mM HEPES, pH 7.4, 0.15 M NaCl, 0.005% (v/v) polysorbate-20)
containing 0.27 M sucrose and 0.1% (v/v) 2-mercaptoethanol. The resin was
next incubated with 1 mg of GST-tagged PreScission protease per 100 mg of
GST-Myc-MO25α for 16 h at 4 °C on a rotating platform. The eluted MycMO25α was filtered through a 0.44-µm membrane and incubated with 0.1 ml
of glutathione-Sepharose per mg of Myc-MO25α for 30 min at 4 °C to remove
traces of noncleaved GST-fusion protein and GST-PreScission protease. The
purified Myc-MO25α proteins were snap-frozen in liquid nitrogen and stored
at –80 °C and were essentially homogeneous when analyzed by SDS-PAGE.
Crystallization. Selenomethionine-substituted MO25α was concentrated to
14.5 mg ml–1 with a VivaScience concentrator, and the concentration was verified at A280 using a Bradford assay; then a five-fold molar excess of Ca2+ was
added to the protein. The hanging-drop vapor diffusion method was used to
produce crystals. Hanging drops were formed by mixing 1 µl protein solution
with 1 µl of a mother liquor solution and 0.25 µl of an additive. Crystals of
MO25α in the absence of the STRADα C-terminal peptide were produced
using a mother liquor composed of 15% (w/v) PEG 20000, 0.1 M MES, pH 6.5,
and an additive stock solution of 40%(v/v) γ-butyrolactone. Rod-shaped crystals grew within 48 h, and grew to ∼0.1 × 0.1 × 0.7 mm after 4 d.

Crystals of selenomethionine-substituted MO25α in the presence of the
C-terminal STRADα peptide (NLEELEVDDWEF) were produced by preincubating MO25α with a 2.5-fold molar excess of the peptide on ice for 30 min.
This was mixed with a mother liquor composed of 15% (w/v) PEG 20000, 0.1 M
MES, pH 5.0, and an additive stock solution of 30% (w/v) D-glucose monohydrate to form hanging drops. Cube-shaped crystals grew within 48 h, and they
grew to ∼0.4 × 0.4 × 0.3 mm within 4 days. All crystals were frozen in a nitrogen
gas stream after being soaked in 10% (v/v) 2-methyl-2,4-pentanediol for 30 s.
Data collection, structure solution and refinement. A two-wavelength MAD
data set for selenomethionine MO25α in complex with the C-terminal
STRADα peptide was collected on station ID14-EH4 at the European
Synchrotron Radiation Facility (ESRF) with an ADSC Q4 CCD detector. The
temperature of the crystals was maintained at 100 K by using a nitrogen
cryostream. Data were processed with the HKL package44, and the statistics are
shown in Table 1. Eight selenium sites were located and refined with SOLVE45.
This resulted in phases to 1.85 Å with a figure of merit of 0.59, yielding a readily
interpretable electron density map. Phases were further improved by solventflattening with DM46, resulting in an electron density map that showed welldefined density for the protein and the peptide. The map was automatically
interpreted with warpNtrace20, which built 280 of 341 residues and gave an initial model with R = 0.298. Iterative model building in O47, together with refinement in CNS48 and incorporation of the peptide, resulted in a final model with
R = 0.203 (Rfree = 0.231), which encompassed residues 10–28, 32–55, 63–313,
315–338 and the C-terminal Asp-Trp-Glu-Phe motif of the STRADα peptide.
The structure of MO25α in the absence of the STRADα peptide was solved
by molecular replacement with AMoRe49 against a 2.6-Å dataset collected at the
ESRF on station ID14EH4. A solution with two molecules in the asymmetric
unit was found (R = 0.406, correlation coefficient = 0.528). This solution was
then further optimized using CNS rigid-body refinement and simulated
annealing. The model was subsequently trimmed to include only regions with
well-defined electron density. Refinement was continued in CNS for a total of
ten rounds, at which point refinement was switched to REFMAC50 to permit
the inclusion of translation-libration-screw parameters that describe the possible mean square displacements of rigid bodies)51. After eight rounds of refinement, the R-factors were R = 0.212 and Rfree = 0.279, with chain A including
residues 13–58 and 64–333, and chain B encompassing residues 11–27, 40–55
and 60–333.
Biacore analysis. Binding was analyzed in a BiaCore 3000 system (BiaCore AB).
The biotinylated STRADα-C12 peptide was bound to a streptavidin-coated
Sensor chip (SA) (100 response units, RU). Various concentrations of bacterially expressed wild type or indicated mutants of MO25α were injected over the
immobilized peptide at a flow rate of 30 µl min–1 for 90 s in HBS-P buffer containing 0.27 M sucrose and 0.1% (v/v) 2-mercaptoethanol. Interactions
between the STRADα-C12 peptide and the MO25α proteins were analyzed
over a range of MO25α concentrations of 6.25–3,200 nM, and steady-state
binding was determined at each concentration. Dissociation of the MO25α
proteins from the peptide was monitored over 90 s. Regeneration of the Sensor
chip surface between each injection was done with two consecutive 5-µl injections of 1 M NaCl, 50 mM NaOH.
Coordinates. Coordinates and structure factors have been deposited in the
Protein Data Bank (accession codes 1UPK and 1UPL).
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