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Abstract

Ski8p is a WD-repeat protein with an essential role for the Ski complex assembly in an exosome-dependent
3�-to-5� mRNA decay. In addition, Ski8p is involved in meiotic recombination by interacting with Spo11p
protein. We have determined the crystal structure of Ski8p from Saccharomyces cerevisiae at 2.2 Å reso-
lution. The structure reveals that Ski8p folds into a seven-bladed � propeller. Mapping sequence conser-
vation and hydrophobicities of amino acids on the molecular surface of Ski8p reveals a prominent site on
the top surface of the � propeller, which is most likely involved in mediating interactions of Ski8p with
Ski3p and Spo11p. Mutagenesis combined with yeast two-hybrid and GST pull-down assays identified the
top surface of the � propeller as being required for Ski8p binding to Ski3p and Spo11p. The functional
implications for Ski8p function in both mRNA decay and meiotic recombination are discussed.
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mRNA turnover is important in eukaryotic cells and func-
tions in modulating gene expression, antiviral defense, and
mRNA surveillance, wherein aberrant mRNAs are recog-
nized and degraded (Frischmeyer and Dietz 1999; van Hoof
and Parker 1999; Waterhouse et al. 2001; Parker and Song
2004). Two major pathways of general mRNA decay have
been characterized in both yeast and mammals (Tucker and
Parker 2000; Mitchell and Tollervey 2001). In both path-
ways, mRNA decay initiates with the shortening of the 3�-
poly(A) tail of mRNAs by a variety of nucleases (for re-
view, see Parker and Song 2004). Following deadenylation,
the 5� cap structure can be removed by the Dcp1p/Dcp2p
complex, allowing exonucleolytic decay by Xrn1p. Alter-

natively, the deadenylated mRNAs can be degraded 3� to 5�
by the cytoplasmic exosome, which is a highly conserved 10
subunit complex of 3�-to-5� exonucleases (Mitchell et al.
1997; Jacobs Anderson and Parker 1998; Allmang et al.
1999; Chen et al. 2001; Wang and Kiledjian 2001; Mukher-
jee et al. 2002).

The exosome also functions in two specialized mRNA
decay pathways that recognize and degrade aberrant mRNAs.
For example, in a process referred to as nonsense-mediated
mRNA decay (NMD), transcripts with premature transla-
tion termination codons are degraded either by deadenyla-
tion-independent decapping (5�-to-3� NMD), or by acceler-
ated deadenylation and 3�–5� exonucleolytic digestion by
the exosome (3�-to-5� NMD; Muhlrad and Parker 1994; Cao
and Parker 2003; Lejeune et al. 2003; Mitchell and Toller-
vey 2003; Takahashi et al. 2003). In addition, in a process
referred to as nonstop decay (NSD), mRNAs lacking trans-
lation termination condons are recognized and rapidly de-
graded 3� to 5� by the cytoplasmic exosome (Frischmeyer et
al. 2002; Maquat 2002; van Hoof et al. 2002). Thus, in all
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the 3�-to-5� mRNA decay pathways characterized so far,
degradation of the deadenylated mRNA involves the exo-
some.

The function of the exosome in cytoplasmic mRNA turn-
over requires several cofactors including the putative
GTPase Ski7p, and the Ski complex consisting of Ski2p,
Ski3p, and Ski8p (Araki et al. 2001; Maquat 2002; Taka-
hashi et al. 2003). These superkiller (SKI) genes were ini-
tially identified from mutations that cause overexpression of
a killer toxin encoded by the endogenous double-stranded
RNA (Toh et al. 1978). Subsequent work demonstrated that
the products of SKI2, SKI3, and SKI8 genes are necessary
for the 3�-to-5� mRNA degradation and repression of trans-
lation of nonpolyadenylated RNA in addition to their anti-
viral activities (Masison et al. 1995; Jacobs Anderson and
Parker 1998; Araki et al. 2001). Ski2p and Ski3p are a
putative RNA helicase and a tetratricopeptide repeat (TPR)
protein, respectively, while Ski8p is a WD-repeat contain-
ing protein (Rhee et al. 1989; Matsumoto et al. 1993; Wid-
ner and Wickner 1993). The three Ski proteins form a stable
complex with 1:1:1 stoichiometry, and the complex is lo-
calized in the cytoplasm (Brown et al. 2000). The Ski com-
plex has been suggested to be an mRNA decay-specific
cofactor for the exosome because mutations in the SKI
genes inhibit 3�-to-5� mRNA decay, but have no effect on
functions of exosome in nuclear RNA processing (Jacobs
Anderson and Parker 1998; Brown et al. 2000; van Hoof et
al. 2000). However, the nature of physical interactions
within the Ski complex and with the exosome, and the spe-
cific role of the Ski complex in 3� mRNA decay remain
elusive. Recently, it has been shown that the different re-
gions of the N-terminal domain of Ski7p interact with the
exosome and the Ski complex, respectively, thereby recruit-
ing both the Ski complex and the exosome to the 3� end of
mRNA for degradation (Araki et al. 2001).

Within the Ski complex, the Ski8p is particularly inter-
esting. In addition to Ski8p function in mRNA decay, yeast
strains lacking Ski8p have strong reductions in meiotic re-
combination, but have no detectable effects on mitotic re-
combination or DNA repair (Malone et al. 1991; Evans et
al. 1997; Gardiner et al. 1997; Fox and Smith 1998; Pecina
et al. 2002). Moreover, this meiotic role of Ski8 appears to
be conserved (Evans et al. 1997; Fox and Smith 1998; Tesse
et al. 2003; Arora et al. 2004). However, because of its
direct role in mRNA decay, the meiotic role of Ski8 has
been unclear, and could have been an indirect effect of
defects in 3�-to-5� mRNA decay.

Several observations now argue that Ski8p has a distinct
role in meiosis separate from its function in mRNA decay.
First, although ski8� yeast strains show defects in meiosis,
ski2� or ski3� strains, which equally affect mRNA decay,
do not affect meiotic recombination (Arora et al. 2004).
Second, and more direct, Ski8p shows strong physical in-
teractions with Spo11p, which is homologous to the ar-

chaeal topoisomerases. Spo11p acts in concert with at least
nine other proteins (including Ski8p) to create DNA double-
strand breaks (DSBs), whose repair leads to meiotic recom-
bination (Tesse et al. 2003; Arora et al. 2004). Third, the
Ski8 mRNA is induced ∼15 times on entry to meiosis
(Gardiner et al. 1997), and the Ski8 protein redistributes
from the cytoplasm to the nucleus and localizes to chromo-
somes specifically during meiosis (Arora et al. 2004). These
results indicate that Ski8p plays distinct roles in meiotic
recombination and mRNA decay by changing its localiza-
tion and interacting with the different protein partners by as
yet undetermined interactions.

Possible insight into how Ski8p interacts with other pro-
teins comes from analysis of the Ski8p sequence. Ski8p
contains multiple repeats of the “WD” motif, originally
identified in �-transducin (Matsumoto et al. 1993; Evans et
al. 1997). These motifs are found in many proteins with
diverse functions, and are thought to mediate protein–pro-
tein interactions (Smith et al. 1999). To date, several crystal
structures of WD-repeat proteins have been solved includ-
ing the G protein �-subunit (Wall et al. 1995; Gaudet et al.
1996; Lambright et al. 1996; Sondek et al. 1996), the C-
terminal � propeller domain of Tup1 (Tup1c), and its hu-
man homolog Groucho/TLE1 protein (hTle1-C; Sprague et
al. 2000; Pickles et al. 2002;), the Aip1p protein involved in
actin depolymerization (Voegtli et al. 2003), and the F-box
protein �-TrCP1 in complex with Skp1 and the �-catenin
peptide (Wu et al. 2003). A common feature of these struc-
tures is the arrangement of the “WD” motifs in a bladed �
propeller, thereby presenting possible protein interactions
surfaces on the top, bottom, and side of the propeller struc-
ture.

To gain insight into the functional roles Ski8 plays in the
3�-to-5� mRNA decay and DSB formation in meiotic re-
combination, we determined the crystal structure of the full-
length Ski8p protein from Saccharomyces cerevisiae. As
expected, the protein folds into a seven-bladed � propeller
similar to other “WD” motif containing proteins. Mapping
the sequence conservation and hydrophobicity on the mo-
lecular surface of Ski8p revealed a conserved hydrophobic
patch located on the top face of the � propeller. Mutagenesis
combined with yeast two-hybrid and GST pull-down assays
suggest that this site is involved in interactions with Ski3p
and Spo11p. The structure provided a starting point for
further studies on the Ski complex assembly and the mo-
lecular basis of Ski complex mediated 3� to 5� mRNA de-
cay, as well as the functional role of Ski8p in meiotic re-
combination.

Results

Structure determination

The full-length Ski8p from S. cerevisiae was expressed in
Escherichia coli and purified to homogeneity. Orthorhom-
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bic crystals were obtained by macroseeding method, con-
taining one molecule per asymmetric unit (AU). For phas-
ing, multiwavelength anomalous dispersion (MAD) data
were measured from a seleno-methionine derivative that
yielded an easily interpretable electron density map at 2.2 Å
resolution, allowing 80% of the model to be built automati-
cally. The current model has been refined to a resolution of
2.2 Å with working and free R factors of 24.6% and 27.9%,
respectively. Five regions of the polypeptide chain are not
visible in the electron density map, and are assumed to be
disordered, namely, residues 101–104, residues 133–136,
residues 225–233, residues 277–287, and residues 370–375.
Statistics of structure determination and refinement are
summarized in Table 1 (see Materials and Methods).

Overall structure description

As shown in Figure 1, the polypeptide chain of Ski8p folds
into a seven-bladed � propeller similar to that observed in
the �-subunits of heterotrimeric G proteins (G�) and in the
C terminus of the yeast transcriptional repressor Tup1
(Tup1c). The propeller fold is characterized by seven blades
that are pseudosymmetrically arranged around a central
axis. Each blade consists of a four-stranded antiparallel �

sheet, with the strands in each blade (labeled A–D) running
approximately parallel to the pseudoseven-fold axis, and
ranging from the inside to the outside of the propeller. The
center of the propeller is formed by the edges of the seven
“A” strands, which delineate an axial channel running
through the center of the propeller, which is filled with a
large number of very well-ordered solvent molecules. The
eponymous Trp–Asp motif is only present in blades 1 and 6
in Ski8p (Fig. 2), being replaced by other amino acids in
blades 2, 3, 4, 5, and 7. Blades 1–6 are formed by contigu-
ous segments of the polypeptide chain. In blade 7, the in-
nermost three strands come from the extreme C terminus
while the outmost strand is provided by a strand from N
terminus.

Comparison with other WD repeat proteins

Although the sequence of Ski8p shows only 15.5% of iden-
tity with G� and 18.5% of identity with Tup1c, the � pro-
peller of Ski8p superimposes strikingly well with G� with
an RMSD of 1.5 Å over 238 C� atoms, and with Tup1c,
with an RMSD of 1.3 Å over 233 C� atoms (Fig. 3A,B).
The structure of a single blade is strikingly conserved both
within the Ski8p structure (Fig. 3C), and between Ski8p

Table 1. Data collection, phase determination, and refinement statistics

Se-Met MAD data

�1 (peak) �2 (edge) �3 (remote)

Wavelength (Å) 0.9789 0.9791 0.9724
Resolution (Å) 2.2 2.3 2.3
Unique reflections (N) 21,256 21,243 21,599
Completeness (%) 98.8 (100) 98.9 (99.9) 99.8 (99.9)
Redundancy 3.5 3.5 3.5
I/� (I) 10.3 (2.0) 8.7 (2.1) 7.5 (2.0)
Rmerge (%)a 6.3 7.3 8.6
Number of sites 4
Figure of merit

Before density modification 0.37
After density modification 0.59

Refinement statistics
Resolution range (Å) 2.2
Reflection used 17,717
Rcryst

b 24.6
Rfree

c 27.9
Nonhydrogen atoms

Protein (N) 2816
Waters (N) 159

r.m.s. deviations
Bond length (Å) 0.007
Bond angle (°) 1.06

Values in parentheses indicate the specific values in the highest resolution shell.
a Rmerge � ∑|Ij − 〈I〉|/∑Ij, where Ij is the intensity of an individual reflection, and 〈I〉 is the average intensity of
that reflection.
b Rcryst � ∑||Fo| − |Fc||/∑|Fc|, where Fo denotes the observed structure factor amplitude, and Fc denotes the
structure factor amplitude calculated from the model.
c Rfree is as for Rcryst but calculated with 5.2% of randomly chosen reflections omitted from the refinement.
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blades and individual blades in G� and Tup1c. For instance,
blade 1 of Ski8p superimposes with other Ski8p blades with
C�–C� RMSD of 0.9–1.4 Å, and with a typical blade
of G�, blade 4 or with a typical blade of Tup1c, blade 3,
with the same RMSD of 1.2 Å. The “structural tetrad” or
hydrogen-bonding network, as described in G� and Tup1c
(Wall et al. 1995; Lambright et al. 1996; Sprague et al.
2000), is also observed, but only in blades 1 and 6 of Ski8p
propeller (Fig. 3D). This tetrad is formed between Trp in
strand C, Ser/Thr in strand B, His in the DA loop, and the
nearly invariant Asp in the tight turn between strands B
and C.

Despite the similarities, some structural differences exist
between the propeller of Ski8p and those of G� and Tup1c.
The most notable differences occur in N terminus and the
loop regions. Ski8p lacks the N-terminal extension G� and
Tup1c have. In G�, the N-terminal extension forms an
�-helix, which participates in a coil–coil with the N-termi-
nal segment of the G� subunit in the trimeric G protein

complex (Wall et al. 1995; Lambright et al. 1996). The
N-terminal 50 amino acids in Tup1c forms a subdomain that
is joined to the propeller by �-sheet interactions that extend
blade 6 into a six-stranded sheet (Fig. 3A), while the similar
region in hTle1-C forms a �-hairpin that extends blade 5
into a six-stranded sheet (Sprague et al. 2000; Pickles et al.
2002). In Ski8p, the 6D–7A loop, which is ∼26 residues
long, protrudes from the top face of the propeller (Figs. 1B,
3B). Because this loop is only present in Ski8p and not in
other Ski8p homologs (Fig. 2), it is not likely to be central
to Ski8p function, and is probably involved in yeast-specific
functions. Loop 2A–2B connects strands 2A and 2B, which
are substantially longer than their corresponding strands in
both G� and Tup1c (Fig. 3B). The 3C–3D loop stretches out
from the bottom face, and contains a short helix. Such loop
structure is not observed in both G� and Tup1c (Fig. 3B),
but is conserved in Ski8 across species (Fig. 2). Interest-
ingly, strand 3D seems only present in Ski8 from S. cerevi-
siae (ScSki8) and Sordaria macrospora (SmSki8) but not in

Figure 1. Overall structure of Ski8p. (A) Ribbon diagram of Ski8p showing the seven-bladed � propeller structure. Each blade consists
of a four-stranded �-sheet (labeled A–D). The view is looking down the central axis of the propeller onto the “top” surface. The top
surface is defined by the presence of the D–A loops connecting sequential blades. (B) View rotated 90° about the horizontal axis in
A, looking at the propeller from the side. The top face and bottom face are marked according to the convention for WD-repeat protein
structure. (C) Stereo view of a C� trace of Ski8p with every tenth residue labeled and marked with a closed circle. Figures 1, 3, 4C,
and 5 were generated using MOLSCRIPT (Kraulis 1991).
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the rest of the Ski8 homologs (Fig. 2). Because strand 3D is
essential for formation of blade 3 and structurally conserved
in Ski8p, G�, and Tup1c, it is likely that Ski8 homologs
other than ScSki8 and SmSki8 may use part of the 3C–3D
loop to form strand 3D.

Location of protein–protein interaction sites on the
� propeller

Previous analyses indicated that Ski8p interacts with Ski3p
and/or Ski2p in 3�-to-5� mRNA decay, and Spo11p during

Figure 2. Sequence alignment of S. cerevisiae Ski8, S. macrospora Ski8, Schizosaccharmyces pombe Rec14, Homo sapiens Rec14,
and Mus musculus Rec14. The secondary structures of S. cerevisiae Ski8 are shown. Invariant residues are white letters, similar residues
are red, and others are black. Residues speculated for interactions with Ski3 and Spo11 are indicated by *.
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meiotic recombination (Brown et al. 2000; Arora et al.
2004). To identify the key regions on the surface of Ski8p,
which are likely to be involved in interaction with Ski3p,
Ski2p, and Spo11p, we mapped the sequence conservation
shared by eukaryotic Ski8p proteins on the molecular sur-
face of the budding yeast Ski8p structure. This analysis
revealed a prominent conserved patch that is situated on the
top face of the � propeller and encompasses nearly all of the
DA and BC loops (Fig. 4A). Moreover, mapping of the side
chains of hydrophobic residues on the molecular surface of
Ski8p reveals that a large hydrophobic patch consisting of
residues F20, F89, W125, F188, W293, W311, and F358 is
located on the top face of the � propeller, overlapping with
the conserved patch identified by conservation mapping
(Fig. 4B,C). The presence of such a conserved patch of
hydrophobic residues suggests this region is a site of pro-
tein–protein interaction. Inspection of both the side and bot-
tom surfaces of the propeller shows that there is no obvious
conserved or hydrophobic patch, which is large enough for
potential protein–protein interactions (data not shown).

Consistent with the top face of Ski8p being a site of
protein interaction, we note that in the Ski8p crystal lattice,
loops 3C–3D and 2A–2B from symmetry-related molecules
bind to the top surface area, burying a pairwise accessible
surface area of 1260 Å2. The interactions of loops 3C–3D
and 2A–2B with the top face are predominantly hydropho-
bic in nature with some additional hydrogen bonds. The top
surface that interacts with loops 3C–3D and 2A–2B is com-
posed mainly of hydrophobic amino acids (F20, F89, V146,
K147, F188, N205, R237, W293, M295, W311, and F358;
Fig. 5A). Among them, F20, F188, R237, W293, M295, and
F358 are located in the DA loop of blades 1, 4, 5, 6, and 7,
respectively, and F89,V146, K147, N205, and W311 lie in
the BC loop of blades 2, 3, 4, and 6, respectively. Most of
these residues are highly conserved in Ski8 homologs across
species, except for V146, N205, and W311 (Fig. 2). The
surface area of loops 3C–3D and 2A–2B that interacts with
the top face consists of hydrophobic residues A78, L165,
L167, and the additional polar and charged residues R76,
D77, D160, E161, S162, and T166 (Fig. 5A). Among them,

Figure 3. Comparison of Ski8p with G� and Tup1c. (A) Superposition of Ski8p, G�, and Tup1c. Ski8p is shown in red, G� in blue,
and Tup1c in green. The view of Ski8p is as in Figure 1A. (B) Same as A but with the view looking at the side of the propeller. (C)
Superposition of all seven blades of Ski8p. The C� backbone for each of the seven blades was aligned with respect to blade 1. Four
strands of each blade are indicated by A, B, C, and D. Blade 1, green; blade 2, red; blade 3, yellow; blade 4, cyan; blade 5, blue; blade
6, maroon; blade 7, magenta. (D) Superposition of two typical blades, blade 1 (green) and blade 6 (maroon) containing the eponymous
Trp–Asp motif. Four conserved residues, which are involved in the structural tetrad, are shown in stick models, and hydrogen bonds
are indicated with dashed lines.
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only E161 and T166 are highly conserved across species
(Fig. 2). These results suggest that the top face of the �
propeller of Ski8p is a hydrophobic patch, and is likely
involved in binding Ski3p, Ski2p, and Spo11p or other un-
identified interacting proteins.

Mutational analysis of Ski8p

Evidence suggests that Ski8p interacts directly with the
Ski3p and Spo11p proteins, and may interact directly, or in
combination with Ski3p to Ski2p. Specifically, coimmuno-
precipitation showed that Ski3p interacts with Ski8p with-
out the involvement of Ski2p (Brown et al. 2000). However,
Ski2p did not associate with Ski3p in the absence of Ski8p,
nor did Ski2p associate with Ski8p in the absence of Ski3p,
suggesting that the binary complex formed by Ski3p and
Ski8p is required for stable binding of Ski2p to Ski8p and/or
Ski3p. Moreover, Ski8p also interacts directly with Spo11p,
and participates in meiotic recombination (Arora et al.
2004). However, the structural mechanism of these interac-
tions has not been elucidated, and the amino acid residues

critical for Ski8p interaction with Ski3p, Spo11p, or possi-
bly Ski2p, have not been identified.

Conservation and hydrophobicity mapping suggested that
the top face of the � propeller of Ski8p is likely involved in
the interaction of Ski8p with its binding partners. To exam-
ine the role of the amino acids located on the top face of
Ski8p play in mediating interactions with Ski3p, Ski2p, and
Spo11p, a Ski8p variant where the top surface was altered
was created by site-directed mutagenesis. The resulting
variant Ski8p protein was examined for its ability to bind to
Ski3p, Ski2p, and Spo11p by yeast two-hybrid and GST
pull-down assays. In the latter assay, wild-type and mutant
Ski8p were immobilized on glutathione-Sepharose and ex-
amined for their binding to Ski3p and Spo11p translated in
vitro in the presence of 35S-methionine. The specific mutant
created (referred to as “top” mutant) contains alanine sub-
stitutions of six residues (F20A, F89A, W125A, W293A,
W311A, and F358A) located at the hydrophobic patch plus
R237, a well-conserved residue in the Ski8 family found
with the conserved top surface. An important result was the
alteration of the top surface of Ski8p substantially reduced
binding of Ski8p to either Ski3p or Spo11p (Fig. 6A,B).

Figure 4. Molecular surface views of Ski8p. (A) Surface representation of Ski8p showing the regions of high-to-low sequence
conservation shared by the eukaryotic Ski8 proteins, corresponding to a color ramp from red to blue, respectively. Invariant residues
are labeled. The view is as in Figure 1A. (B) Molecular surface of Ski8p colored according to residue property, with hydrophobic
residues green and other residues gray. The hydrophobic residues are labeled. The view is as in A. (C) The worm model showing the
C� backbones of Ski8p. Residues located either in hydrophobic patch or in conserved patch are shown in stick models. The view is
as in A. A and B were produced using GRASP (Nicholls et al. 1991).
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These results indicate that the top surface of Ski8p is re-
quired for binding to Ski3p and Spo1lp, although the pos-
sibility of whether there are additional contacts between
Ski3p and Spo11p to the side surface of Ski8p cannot be
excluded (see below).

Interestingly, mutation of the Ski8p top surface appears
to have little effect on the binding of Ski8p to Ski2p (Fig.
6C). This suggests that interactions between Ski2p and
Ski8p do not require the top surface, and therefore, a Ski8p–
Ski2p interaction is likely to involve a different surface of
the Ski8p. In addition, because the “top” mutant strongly
inhibits Ski8p–Ski3p interaction, this result raises the pos-
sibility that Ski8p and Ski2p directly interact even in the
absence of Ski3p. The fact that the “top” mutant still inter-
acts with Ski2p implies that these mutations present in the
Ski8p “top’ mutant have not grossly altered the overall
structure of the Ski8p, consistent with the changes simply
being changes in surface structure. Finally, our results sug-

gest that the binding of Spo11p to Ski8p may also involve
interactions with the side of the � propeller structure. Spe-
cifically, mutation of residue F59 located at the side surface
to alanine (F59A) caused a substantial reduction of binding
to Spo11p, but did not affect the binding of Ski8p to Ski3p
(Fig. 6A,B).

Discussion

Solving the structure of Ski8p has revealed that this protein
folds into a classic � propeller structure similar to the
known structures of other WD motif-containing proteins. In
addition, the Ski8p structure and experimental analysis
presents evidence that the top surface of the Ski8p � pro-
peller structure functions as a site of protein–protein inter-
actions, and is required for interactions between Ski8p and
both Ski3p and Spo11p. This conclusion is based on the

Figure 5. Location of the protein–protein interactions site on the top face of the � propeller. (A) Close-up view of the interface between
the top face of the � propeller in Ski8p (yellow) and the loops of 2A–2B and 3C–3D from the symmetry related molecule (purple).
Residues involved in the interface are shown in stick models. (B) Comparison of the protein–protein interactions on the top surface
for three WD-repeat proteins. (Left) The top face of Ski8p (yellow) interacting with its symmetry related loop regions 3C–3D and
2A–2B (purple). (Middle) The top face of �-TrCP1 WD-40 domain (sky blue) with bound doubly phosphorylated �-catenin peptide
(red). pdb code: 1p22. (Right) The top face of G� (light green) interacting with the helix of G� (blue). pdb code: 1gp2. All residues
involved in interaction on the top face of the � propeller are shown in CPK model.
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presence of a conserved patch of largely hydrophobic resi-
dues on the top surface (Fig. 4A), and on the observation
that mutation of this surface disrupts two hybrid interactions
between Ski8p and both Ski3p and Spo11p (Fig. 6).

Similar to Ski8p, several other WD-repeat proteins use
their top faces for interacting with their protein partners. For
example, in the structure of heterotrimeric G protein, the top
face of G� mediates its interaction with G�-GDP (Wall et

al. 1995; Lambright et al. 1996; Fig. 5B). Moreover, the
structure of the �-TrCp1–Skp1–�-catenin ternary complex
shows that the �-catenin peptide binds the top face of the �
propeller of �-TrCp1 (Wu et al. 2003; Fig. 5B). Similarly,
the structure of G� complexed with phosducin showed that
the N-terminal domain of phosducin interacts with all of the
top loops of the � propeller of G� (Gaudet et al. 1996).
Finally, 11-point mutations in the yeast Tup1p that specifi-
cally affect its interaction with Mat�, a promoter-specific
DNA-binding protein, have been mapped on the top face of
the Tup1c propeller (Komachi and Johnson 1997; Sprague
et al. 2000). Taken together, these results suggest that the
top face of the propeller is a site for protein–protein inter-
actions that may be conserved in WD repeat domains in
general, although the specific residues involved in protein–
protein interaction in the individual WD repeat domains
may vary.

These results suggest a model for the assembly of the Ski
complex involved in mRNA decay wherein the Ski8p plays
an important role in bringing Ski3p and Ski2p together.
Because mutation of the top surface of Ski8p affects Ski3p
binding, but does not appear to affect Ski8p–Ski2p interac-
tion, we suggest that the complex involves the following
interactions. First, interactions between the top surface of
Ski8p and Ski3p would nucleate the complex, and based on
the coimmunoprecipitation experiments and our GST pull-
down assay are stable enough to persist even in the absence
of Ski2p (Brown et al. 2000). Moreover, because TPR and
WD-repeat proteins are often found in association with each
other (Goebl and Yanagida 1991; van der Voorn and Ploegh
1992; Neer et al. 1994; Smith et al. 1999), a reasonable
hypothesis is that the TPR domain of Ski3p interacts with
Ski8p. Second, we suggest that Ski2p has interactions with
either the side or bottom of Ski8p, which are stabilized by
additional interactions between Ski2p and Ski3p. Although
this model is supported by some experimental evidence, it
should be considered speculative until more information is
obtained. However, it should be noted that this model is
different, and more consistent with the available evidence,
than a predicted structure of the Ski complex based on com-
putational methods (Aloy et al. 2004).

Ski8p is an interesting protein because it has been shown
to be essential in two distinct cellular processes: mRNA
metabolism and meiotic recombination. Moreover, emerg-
ing information shows that Ski8p plays fundamentally dif-
ferent roles in RNA metabolism and DSB formation during
meiotic recombination. In 3�-to-5� mRNA decay, Ski8p lo-
calizes predominantly to the cytoplasm and interacts with
Ski2p and Ski3p to form the Ski complex, thereby mediat-
ing the exosome-dependent mRNA decay. During meiotic
recombination, Ski8p relocalizes from the cytoplasm to the
nucleus and interacts with Spo11p, thus either affecting the
ability of Spo11p to bind DNA or acting in concert with
Spo11p to recruit Rec102p and Rec104p to the chromo-

Figure 6. Mutational analysis of Ski8p mutants. (A) Effects of mutations
at the top surface of the � propeller on the interactions of Ski8p with Ski3p
and Spo11p, respectively. �-Galactosidase activity from various transfor-
mants estimated as described under Materials and Methods. The Ski8p-
topmutant refers to a mutant Ski8p protein where seven residues (F20A,
F89A, W125A, R237A, W293A, W311A, and F358A) were mutated to
alanine. (Left) Ski8p versus Ski3p. (Right) Ski8p versus Spo11p. (B) Ski3p
and Spo11p were translated in vitro in the presence of 35S-methionine and
examined for binding to the immobilized Ski8p variants. (C) Effects of
mutations at the top surface of the � propeller on the interactions of Ski8
with Ski2p, Ski3p, respectively. Alanine substitutions for seven top resi-
dues of Ski8p (Ski8-topmutant) abolish the two-hybrid interaction between
Ski3p and Ski8p, whereas such mutations have no effect on the interactions
between Ski2p and Ski8p. Plus and minus signs indicate positive and
negative interactions, respectively. F59A serves as negative control.
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somes. WD-repeat proteins have been demonstrated to act
as scaffolding or adaptor proteins to interact with multiple
protein partners and to carry out different roles. However, of
the WD proteins characterized so far, only Ski8p shows
extremely different functional roles in terms of nonoverlap-
ping protein partners, subcellular localization, and even dif-
ferent target substrates (RNA vs. DNA; Arora et al. 2004).

Related to the role of Ski8p in meiosis, Ski8p has been
shown to interact with Spo11p in a yeast two-hybrid system
(Uetz et al. 2000; Arora et al. 2004). As discussed above,
our results suggest that the interaction between Ski8p and
Spo11p requires the top surface of the Ski8p structure.
Moreover, the results from Arora et al. (2004) showed that
alanine substitutions for residues Gln 376, Arg 377, and Glu
378 in Spo11p both abolished the Spo11p–Ski8p two-hy-
brid interaction and disrupted meiotic DSB formation.
Based on these observations, the two surfaces of Spo11p
and Ski8p required for interaction have begun to be identi-
fied. Moreover, because the F59A mutation in Ski8p also
affects Spo11p interaction, it seems likely that Spo11p also
interacts with the side of the � propeller structure to some
extent.

An intriguing issue is why Ski8p is involved in both
mRNA decay and meiosis. One possibility is that this bi-
functional nature is simply an example of a protein being
coopted for an additional use through evolution. Alterna-
tively, the use of Ski8p in meiosis could be a way of coor-
dinating changes in mRNA turnover with the meiotic pro-
gram. This is potentially relevant because there are clear
changes in mRNA decay rates during meiosis (e.g., Surosky
et al. 1994). In addition, two observations raise the possi-
bility that Ski8p function in mRNA decay might be inhib-
ited during meiosis. First, because the Spo11p and Ski3p
binding sites both require the top surface of Ski8p, the in-
duction of Spo11p during meiosis might inhibit assembly of
the Ski complex by titrating the available Ski8p. In addition,
the translocation of Ski8p into the nucleus during meiosis
would also be expected to limit its function in cytoplasmic
mRNA decay. However, despite this intriguing connection,
additional experiments will be required to test if there is a
functional connection between the Ski8p role in mRNA
decay and meiosis.

Materials and methods

Protein expression and purification

The full-length ORF of the budding yeast Ski8p was cloned into
the pGEX-6P-1 (Amersham) and expressed as a GST-fusion pro-
tein in E. coli. Expression was induced by the addition of 0.1 mM
isopropyl-�-D-thio-galactoside (IPTG) when cells reached to an
OD600 of 0.5, and were allowed to grow for an additional 5 h at
28°C. Seleno-methionine substituted protein was expressed by
growing cells in a minimal media containing 20 mg/L L-seleno-
methionine (Sigma). Cells were harvested by centrifugation, re-

suspended in a lysis buffer (20 mM Tris-HCl at pH 7.6, 500 mM
NaCl, 2 mM DTT, 2 mM Bendazole, 1 mM EDTA, 0.1 mM
PMSF) for 30 min, and lysed by sonication. The clarified cell
lysate was loaded onto a glutathione-Sepharose 4B column (Am-
ersham). The GST-fusion protein was eluted by glutathione and
cleaved by PreScission protease (Amersham) overnight at 4°C.
After desalting, the cleaved protein was passed through a second
glutathione-Sepharose 4B column and further purified by MonoS
column (Amersham). Fractions containing Ski8 protein were com-
bined and purified further by gel filtration chromatography on a
Superdex-75 column (Amersham). Eluted fractions containing
Ski8 protein were pooled and concentrated to ∼6 mg/mL for crys-
tallization.

Crystallization and data collection

Crystals were grown in hanging drops at 15 °C by vapor diffusion
from 28% PEG4000, 50 mM sodium citrate at pH 5.6, 20% eth-
ylene glycol. Large crystals with typical dimensions of
0.6 ×0.2 × 0.06 mm were obtained in a period of 1–2 wk by mi-
croseeding and/or macroseeding. For data collection, crystals were
harvested directly from the mother liquor and flash-cooled in liq-
uid nitrogen, as the concentration of PEG4000 and ethylene glycol
in the mother liquor is high enough for cryoprotection. The seleno-
methionine derivative crystals contain one Ski8 molecule per
asymmetric unit and belong to space group P212121 with unit cell
dimensions a � 66.09 Å, b � 67.13 Å, c � 82.01 Å, � �
� � � � 90°. Multiwavelength anomalous dispersion (MAD)
data for the seleno-methionine derivative were collected on a
beamline BW7A at Deutsches Elekgronen Synchrotron (DESY).
Data were processed using DENZO (Otwinowski and Minor
1997), and intensities were reduced and scaled using
SCALEPACK (Otwinowski and Minor 1997). Data statistics are
summarized in Table 1.

Structure determination and refinement

The structure of Ski8p was solved by MAD phasing. Four sele-
nium sites were located using the automated Patterson search rou-
tine implemented in the program SOLVE (Terwilliger and Ber-
endzen 1999). Phases calculated with SOLVE were further im-
proved with the program RESOLVE (Terwilliger 2002). A partial
model containing nearly 80% of the amino acids in the polypeptide
chain was built automatically with RESOLVE (Terwilliger 2002).
The rest of the model was built manually with the program O
(Jones et al. 1991). Refinement was performed using the program
CNS (Brunger et al. 1998). The final round of the refinement
was carried out with the program REFMAC5 (Murshudov et al.
1997). The quality of the model was assessed with the program
PROCHECK (Laskowski et al. 1993), showing that 85.7% resi-
dues lie in the most favored region with no residues in the disal-
lowed regions in a Ramachandran plot. Crystallographic statistics
are summarized in Table 1.

Site-directed mutagenesis and yeast two-hybrid assay

Interaction assays between Ski8p and Ski2p, Ski3p, and Spo11p,
respectively were performed by the yeast two-hybrid method using
the Matchmaker3 system. Site-directed mutagenesis was per-
formed using the Quick-Change system according to the manufac-
turer’s instructions (Stratagene). Gal4-BD domain fusion of wild-
type Ski3p, Ski2p, and Spo11p were constructed by inserting
double enzyme-digested fragments into the pGBKT7 vector, using
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restriction endonucleases EcoRI and BamHI, SmaI and PstI, re-
spectively. Gal4-AD domain fusion of wild-type and mutant Ski8p
were prepared by inserting restriction endonucleases NdeI and
XhoI digested fragments into the pGADT7 vector. Haploid yeast
strains AH109 carrying the Gal4-AD fusion protein (strains car-
rying only vector pGADT7 as negative control) and Y187 con-
taining the Gal4-BD fusion protein were mated in appropriate
pairwise combinations, and the resulting diploids were grown on
synthetic dropout medium without leucine and tryptophan. All
vectors and yeast strains used here come from Clontech. For yeast
two-hybrid interactions between variant Ski8p and Ski2p/Ski3p,
corresponding diploid colonies were spread on the synthetic drop-
out medium without tryptophan, leucine, histidine, and adenine.
For �-galactosidase activity assay, overnight diploid cultures were
diluted with fresh medium and grown to a midlog phase (3–4 h).
Cells were broken by a freeze/thaw method, and the activity assay
was carried out according to standard protocols (Clontech). One
unit of �-galactosidase hydrolyzes 1 �mole of o-nitrophenyl �-D-
galactopyranoside per minute per cell.

GST pull-down assay

Ski3p and Spo11p were translated in vitro using the recombinant
plasmids pGBKT7 described above as templates in the presence of
35S-methionine with The TNT T7 Quick Coupled Transcription/
Translation System (Promega). For GST pull-down assays, 500 �g
of GST or GST fusion Ski8p variants (wild type, Ski8-F59A, and
Ski8-Topmutant) were immobilized on glutathione-Sepharose.
Bound fusion proteins were incubated with 5�L of the in vitro
translated Ski3p and Spo11p at 4°C for 1–2 h. The beads were
washed five times with binding buffer (20 mM HEPES, 1 mM
EDTA, 10 mM MgCl2, 4 mM DTT, 10% glycerol, 0.1 mM PMSF,
0.5% Triton X-100 at pH 7.9). Bound proteins were eluted in SDS
loading buffer and resolved by SDS/PAGE (0.5 �L of in vitro
translated protein as input), and visualized by autoradiography.

Coordinates

The coordinates and structure-factor amplitudes for Ski8p have
been deposited in the Protein Data Bank with accession codes
1S4U.
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