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Bub3 is one of at least six proteins that transmit the spindle assembly
checkpoint signal. These proteins delay cell cycle progression from
metaphase to anaphase in response to attachment defects between
kinetochores and spindle microtubules and to tension defects between
sister chromatids. To explore the molecular interactions mediated by Bub3,
we have determined the crystal structure of the S. cerevisiae protein Bub3p
at 2.35 Å resolution. Bub3p is a seven-blade b-propeller, although its
sequence diverges from that of other WD40 family members. Several loops
are substantially elongated, but extra domains or insertions are not present
at the termini. In particular, two extended loops project from the top face of
the propeller, forming a cleft. Amino acid residues across the top face and
one aspect of the lateral surface (spanning blades 5–6) are highly conserved
among Bub3 proteins. We propose that these conserved surfaces are the loci
for key interactions with conserved motifs in spindle checkpoint proteins
Bub1 and Mad3/BubR1. Comparison of the Bub3 sequence to the WD40
protein, Rae1, shows high sequence conservation along the same surfaces.
Rae1 interaction with Bub1 is, therefore, likely to involve a similar mode of
binding.

q 2004 Elsevier Ltd. All rights reserved.
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The kinetochore is a multi-protein scaffold that
assembles on centromeric DNA and establishes a
connection with the mitotic spindle. Bipolar attach-
ment of sister kinetochores to spindle microtubules
is necessary for progression from metaphase to
anaphase; a single unattached kinetochore is suffi-
cient to delay the cell cycle.1,2 Activation of the
spindle checkpoint generates the delay signal
(reviewed by Yu),3 and defects in checkpoint control
result in chromosomal instability. Current models
posit that the delay signal is generated catalytically
at unattached kinetochores and diffuses thence
throughout the cytoplasm to inhibit the anaphase
promoting complex.3 The specific molecular mech-
anisms for detecting attachment and tension defects
are still obscure.

Bub3 is not an essential gene in budding yeast,
although bub3D cells grow slowly and do not arrest
in response to the spindle poison nocodazole.4

Bub3 is essential in higher eukaryotes.5,6
lsevier Ltd. All rights reserve
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ECo-immunoprecipitation and co-fractionation
experiments, from extracts of both budding yeast
and higher eukaryotic cells, show that Bub3 forms
at least two tightly bound, constitutive protein sub-
complexes throughout the cell cycle: Bub1–Bub3
and Mad3/BubR1–Bub3.7–10 (Note the Mad3
ortholog in higher eukaryotes is BubR1.) Bub1 is a
non-canonical kinase11 with a distinctive amino-
terminal regulatory domain that has sequence
similarity to parts of Mad3/BubR1. In particular,
Mad3/BubR1 and Bub1 share a motif of about 45
amino acid residues, which has been shown by
co-immunoprecipitation and yeast two-hybrid anal-
ysis to be necessary for binding to Bub3.8,9 Moreover,
Bub3 is a component of the cell-cycle regulated
mitotic checkpoint complex, comprising Mad3/
BubR1–Bub3–Mad2–Cdc20,which inhibits activation
of the anaphase promoting complex.9,10,12–14

Fluorescence microscopy and chromatin immuno-
precipitation experiments show that Bub3 co-
localizes with Bub1 and Mad3/BubR1 at unattached
kinetochores.8,15–17 The precise nature of these inter-
actions at the kinetochore is unknown, although
genetic data suggest that two proteins in the Ndc80
complex, Spc24 and Spc25, may be important.17–19
d.
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In addition, the entire Ndc80 heterotetramer is
necessary for spindle checkpoint proteins Mad1/
Mad2 interaction at the kinetochore.19–21 Unattached
kinetochores appear to bind only a small fraction of
the cytoplasmic population of checkpoint proteins,
and the kinetochore-bound checkpoint proteins
exchange with diverse kinetics.22,23

A network of protein–protein interactions has
thus been identified for Bub3, but the question of
how these interactions conspire to generate the
delay signal remains. We present here the crystal
structure of Bub3 from S. cerevisiae (Bub3p) as a step
towards a structural understanding of its role.
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Purification and crystallization of Bub3p

The bub3 gene from S. cerevisiae was amplified
from a genomic library and subcloned into pET-
22b(C) (Novagen), in-frame with the vector
encoded, C-terminal His6-tag. Se-Met substituted
Bub3p was overexpressed in BL834(DE3)
methionine auxotroph cells (Novagen) by overnight
induction at 23 8C. Soluble Bub3p was purified from
bacterial lysate by Ni-NTA chromatography
(Qiagen) followed by size exclusion chromato-
graphy on an S200 16/60—Sephadex column
(Pharmacia) equilibrated in 250 mM NaCl, 10 mM
Tris pH 8.0, and 10 mM b-mercaptoethanol. The
protein eluted at a volume corresponding to the
expected molecular mass of 38 kD. The peak
fractions were pooled and concentrated to
13 mg mlK1 in the presence of 10 mM DTT.

Optimized Bub3p crystals grew overnight from
20–24% (w/v) PEG 3350, and 100 mM citrate pH
UNCORRECT
Table 1. Data and refinement statistics

SAD l1 (f 00) MAD l1

Wavelength 0.9795 0.979
Resolutiona 2.35 (2.39–2.35) 2.60 (2.64
Space group P32 P322
Unique obs. 52,125 18,72
Redundancya 2.9 (2.9) 3.8 (3.
Completenessa 94.6 (93.2) 91.9 (95
Rsym

b 5.7 (48.8) 5.7 (50
I/sa 19 (1.7) 18 (1.

Refined residues
Refined water
molecules
Rcryst

c

Rfree
d

Average B-values (Å2)
Bub3
Water molecules
R.m.s. deviations from ideal geometry
Bond lengths
Bond angles
Dihedral angles
Improper angles

a Numbers in parenthesis refer to the highest resolution shell.
b RsymZ ½

P
h

P
i jIiðhÞK hIðhÞij=

P
h

P
I IiðhÞ�!100, where hI(h)i is

reflections with Bragg index h.
c RcrystZ

P
hkl jFoKFcj=

P
hkl jFoj

� �
!100, where Fo and Fc are the o

d Rfree was calculated as for Rcryst, but on 5% of data excluded bef
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5.4–5.8. They were frozen after immersion in a 20%
(v/v) glycerol substituted cryo-protectant. The
largest (w40 mm!40 mm!20 mm) gave sharp
diffraction (mosacity 0.358) at the Advanced Light
Source (ALS) beam-line 8.2.1. SAD and MAD data
were collected at 2.35 Å, and 2.6 Å, respectively,
from two separate crystals (Table 1). The data were
processed using HKL2000,24 initially in space group
P321 with aZbZ73 Å, cZ110 Å, and a calculated
solvent content of 46%, assuming a single molecule
per asymmetric unit.
 P
ROOF

Structure determination

There are three methionine residues, including
the amino terminus, in Bub3p. All three were
sufficiently ordered to obtain phases and an
interpretable electron density map for the entire
molecule in space group P3221. Initial sites were
obtained from the MAD data using SOLVE25 and
refined using SHARP.26 The phases were extended
to the higher resolution limit of the SAD data using
solvent flipping and flattening procedures
implemented by SOLOMON27 and DM.28 The
resulting electron density map was of sufficient
quality to trace manually 290 of 340 residues in O29

and the three methionine residues and aromatic
side chains served as anchor points for subsequent
docking of 270 residues of the sequence. These
initial model phases were combined with the
experimental phases in CNS30 to calculate a new
map, from which the remaining model could be
traced.
ED
(f 00) MAD l2 (f 0) MAD l3

5 0.9796 0.9200
–2.60) 2.60 (2.64–2.60) 2.70 (2.75–2.70)
1 P3221 P3221
6 18,776 16,107
7) 3.8 (3.6) 3.8 (3.5)
.5) 91.9 (94.5) 88.6 (93.3)
.0) 5.8 (50.7) 5.8 (40.0)
7) 18 (1.7) 18 (2.1)

656
349

19.6%
28.8%

59
53

0.0074 Å
1.48
25.78
0.88

the average intensity of i symmetry related observations of

bserved and calculated structure factors.

ore refinement.
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Evidence for crystal twinning

The refinement in CNS stalled with RZ27% and
RfreeZ32% after eight iterative rounds of careful
rebuilding and refinement (water molecules
included). Subsequently, the data were analyzed
for merohedral twinning in the lower symmetry
space group P32, according to the standard diag-
nostic intensity distributions hHiZ0.03 and hH2iZ
0.003.31Thesevalues suggested twinningwith a twin
fraction of 0.46 and a twinning operator coincident
with the NCS operator (the crystallographic dyad in
P3221) h, Kh Kk, Kl. SHELXL allows simultaneous
refinement of the structure and the twinning
fraction.32–34 The resulting sigma weighted maps
revealed clear differences in the electron density
between the two molecules in the asymmetric unit,
especially in the flexible loop regions.
UNCORRECT

Figure 1. Annotated structural sequence alignment of Bub3
with known bub3 homologs from Drosophila (DM), Xenopus
Residues in the sequence are color coded according to their si
structure will be followed in subsequent figures. Highlighted
in Bub3p is highly divergent. The residues in the conserved

YJMBI 56732—11/10/2004—12:12—ATHIAGARAJAN—122772—XML – pp. 1
Refinement of the Bub3p structure

The structure of Bub3p was determined to 2.35 Å
resolutionwithRcrystZ19.6%andRfreeZ28.8%anda
refined twinning fraction aZ0.49 (Table 1). Two
molecules were refined in the asymmetric unit; they
were nearly identical with each other, with a back-
bone Ca root-mean-squared difference (rmsd) of
0.7 Å. The main differences between the two
molecules were in the loops, where one had two
disordered regions (residues 226–231 and 322–324),
while the other had three (residues 181–183, 226–231,
and 243–248) (Figure 1). In addition, the restriction
site sequence (LE) and His6 tag were disordered
in both molecules. The challenges encountered in
building and refining the loop regions betray their
inherent flexibility, which may be still greater in
solutionwhen free from crystal-packing constraints.
ED P
ROOF

. The primary sequence of bakers yeast (SC) was aligned
(XL), mouse (MM), and Human (HS) using CLUSTALW.44

milarity. The coloring scheme of the annotated secondary
residues correspond to the WD signature sequence, which
structural triad in blade 6 are also highlighted.
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Structural overview

The crystal structure shows that Bub3p is a
canonical seven-bladed b-propeller (Figure 2(a)).
The presence of WD40 repeats had been recognized
from its sequence,8,10 but there has been disagree-
ment about their number. Each blade is a b-sheet of
four anti-parallel strands, with strand order bA, bB,
bC, bD. The b-sheets are arranged in pseudo-
sevenfold rotational symmetry about a central axis
UNCORRECT

Figure 2. Top/side views of Bub3. (A) The top view
shows the overall topology. Note that any given sequence
repeat spans two blades, forming bD in blade “nK1” and
bA–bC in blade “n”. The three Se-methionine residues
(sticks) are shown. Stars indicate disordered loop regions
that were not traceable. (B) A 908 rotation relative to the
top view, illustrating the relative height of the DA loop
between blades 5 and 6 as well as the BC loop in blade 7.
The figure was generated in Bobscript45 and rendered
with Raster3d.46
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with bA nearest the axis and bD furthest
(Figure 2(a)). The top surface of the propeller is
defined by the BC loops that join bB and bC within
each blade and the DA loops that join bD and bA of
consecutive blades. The bottom face is defined by
AB and CD loops that join bAwith bB and bC with
bD, respectively (Figure 2(b)). The WD40 repeat, as
conventionally defined from the amino acid
sequence, does not correspond to a single blade in
the tertiary structure, but rather spans two blades.
The primary-sequence repeat begins with bD of
blade “n” and ends with the signature sequence
WD at the end of bC of blade “nC1”. In order to
complete this pattern, bD in blade 7 is derived from
the amino-terminal strand, linking the first and last
blades of the propeller (Figure 2(a)). The width of
Bub3p from the top face to the bottom face is
w27 Å; the diameter isw42 Å. The blades surround
a central, water-lined channel that is wider near the
bottom face and tapers slightly near the top face
(w18 Å versus w14.5 Å Ca to Ca).
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WD40 proteins have diverse cellular functions,
from signal transduction at the plasma membrane
to transcriptional regulation in the nucleus. The
amino acid sequence of Bub3p has only 11–16%
sequence identity to those of other WD40 proteins
of known structure. Nonetheless, structural com-
parison of Bub3p to the other known WD40
structures, using the DALI algorithm,35 shows a
significant degree of structural conservation, with
an rmsd for related elements that ranges between
2.5 Å and 3.7 Å. Indeed, the core b-sheets of most of
these proteins superimpose very well, with major
differences occurring only in the more flexible loops
regions and at the N and C termini, where
insertions frequently occur (Figure 3(a)).

In the prototype WD motif, the Trp of the
signature sequence (at the end of bC) packs between
blades “n” and “nK1” and forms conserved
hydrogen bonds in a triad involving Ser/Thr, His,
and Asp (Figure 3(b)). In Bub3p, the WD signature
sequence is largely absent, with blades 1–7
terminating in FD, VD, ID, FR, FD, WN, and FD,
respectively (Figure 1). These divergences influence
core contacts between blades. The only element of
the prototypic structural triad that is conserved in
Bub3p is the Asp/Asn/Gln at the tip of the BC
loops, but its side chain has different interactions in
different blades. Only blade 6 contains the classic
Trp, Ser, Asp and His residues; these are conserved
in all Bub3 homologs (Figures 1 and 3(b)). The lack
of the structural triad in all but this one blade makes
Bub3p an outlier when compared to other structu-
rally determined WD40 proteins.

Bub3 proteins from other organisms also deviate
at key residues of the WD40 signature sequence.
Although many contain the common WD pair in
blades 3, 4 and 6 (Figure 1), the tryptophan side
chains probably do not participate in the triad
. 1–8/APPSI



NCORRECT
 

Figure 3. Superposition of Bub3p. (A) Superposition of
Bub3p in red, transducin Gb in orange (PDB accession
1GOT).37 b-TrCP1 in yellow (PDB 1P22),41 and Groucho1-
tle co-repressor in gray (PDB 1GXR).47 High conservation
is observed in the strands with diversity located at
insertions at the termini and the loop regions. The
molecules were superimposed according to rotation and
translation matrices derived from the algorithm
employed by DALI.35 (B) Superposition of the prototypic
WD-40 structural triad from Groucho1-tle blade 6 (gray)
and Bub3p blade6. The secondary structure of Bub3 is
shown and the pertinent side chains are colored in lighter
shades, while the corresponding side chains of Groucho1
are shown in muted tones. Broken lines represent
H-bonds.
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U
hydrogen bonding network, as mapping the
aligned sequences to the assigned secondary
structure of Bub3p shows that the requisite Ser/
Thr and His residues are absent.
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Loop insertions

A typical WD40 repeat contains approximately 40
amino acid residues, but loop insertions are
common.36–39 Repeats in Bub3p vary in length
from 41 to 62 amino acid residues. Many of the
loops have short insertions instead of the 3-residue
tight turns seen, for example, in the transducin Gb
structure.37 Inspection of Bub3 sequence alignments
reveals that these insertions are not strictly con-
served in sequence or in length. Indeed, the length
and composition of the seven-residue insertion in
the DA loop between blades 3 and 4 is unique
(among listed sequences) to S. cerevisiae (Figure 1),
as is the poorly ordered CD loop of blade 5 on the
bottom face.
The most prominent loop insertions are in the DA

loop between blades 5 and 6 (11 residues) and the
BC loop within blade 7 (18 residues). These two
loops extend 12 Å and 16 Å, respectively, from the
top face of the propeller (Ca to Ca), creating a cleft
with an opening of 10.5 Å at its narrowest point.
The extended BC loop is well ordered, except for
three residues at its tip. The amino-terminal end of
this loop (residues 315–318) is a short, single-turn
helix, one of only two such helical turns in the
molecule (Figures 1 and 2(b)). The functional
significance of the DA and BC loops is not evident,
although their prominence is suggestive. Align-
ment of the sequences of all known and putative
Bub3 homologs (Figure S1-supplement) shows that
these loops have little sequence conservation and
their length is variable, ranging from 11 to 15
residues for the DA loop and from 15 to 25 residues
for the BC loop.
ED
Characteristics of the molecular surface

A sequence variability score was assigned to each
residue based on the alignment of 15 known and
putative Bub3 homologs. This variability was
subsequently mapped to the molecular surface
(Figure 4(a)–(d)). There is a broad patch of high
conservation on the top face of the molecule,
extending in a stripe along the lateral face spanning
blades 5 and 6 (Figure 4(a) and (b)). The bottom face
and the remainder of the molecular perimeter
(blades 1–4 and 7) are noticeably less conserved
(Figure 4(c) and (d)). The conserved surface on the
top face of the molecule is relatively hydrophobic,
but a number of basic residues, especially within
the mouth of the central tunnel, make it electro-
positive. The conserved surface along the side has a
mixed electrostatic potential (Figure 4(e) and (f)).
Several mutants have been reported that map to

the conserved surface regions.8,10 The single W31G
and W120G mutants do not co-immunoprecipitate
with Mad2/Mad3/Cdc20, presumably due to dis-
ruption of the mitotic checkpoint complex (MCC).10

The single mutants grow normally in benomyl,
however, indicating that the checkpoint is func-
tional. In contrast, the double mutant is sensitive to
–8/APPSI
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Figure 4. Conserved and electro-

static surfaces. (A) Top face. (B) 908
Side face. (C) Bottom face. (D) Side
face, 1808 relative to B. In the top
four panels, sequences from 15
known and putative Bub3 homo-
logs were aligned and scored
according their sequence conserva-
tion. This score was scaled and
used to color the molecular surface
such that green and orange surfaces
correspond to conserved and diver-
gent regions, respectively. The
approximate location of the blades
is indicated by numbers; the
locations of conserved W31 and
W120 and the prominent surface
loops are also labeled. (E) Top view.
(F) Side view. In the bottom panels,
the electrostatic potential is
mapped to the conserved molecu-
lar surface (identical orientations to
A and B). In this coloring scheme,
red and blue surfaces correspond to
negative and positive electrostatic
potential scaled from K20 kbT to
20 kbT, respectively. This figure was
generated with GRASP.48
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UNCORREbenomyl, with a slow growth phenotype similar to
that of bub3D cells.10 These conserved tryptophans,
located in blades 1 and 3 immediately before the
Asp at the tip of the BC loop, form an extended
hydrophobic platform on the top surface of the
molecule. Deletion of the conserved VAVE sequence
in the bC strand in blade 5 of human Bub3 (residues
218–221) (Figure 1) results in a mutant that no
longer localizes to the kinetochore, but remains
nuclear and fails to co-localize in the cytoplasm
with Bub1 or BubR1 (Mad3 homolog).8 This VAVE
sequence lies on the conserved lateral stripe, and
the deletion would disrupt its surface (Figure 4(b)).
Thus, the published mutational data support the
notion that these surfaces of Bub3 are key inter-
action points for additional components of the
spindle checkpoint, presumably Bub1 and Mad3/
BubR1.
YJMBI 56732—11/10/2004—12:12—ATHIAGARAJAN—122772—XML – pp
Binding partners

The proposed sites along the top face and
between blades 5 and 6 are consistent with other
observed WD40 binding modes.37,38,40,41 In some
cases, for example the interaction of transducin Gb
with Ga,37 the partner is a folded domain that
presents a complementary surface to the top of the
propeller. In others, the partner is a segment of
polypeptide chain that extends along or across the
propeller in the bound state but that is unstructured
on its own.38,40,41 Mad3 and Bub1 contain a
conserved stretch of about 45 amino acid residues
(315–356 in Bub1 and 354–401 in Mad3), which has
been identified as the Bub3 binding site.8,9 These
elements are probably too short to have indepen-
dent folded structures, and the conserved surface
on Bub3 probably provides an extended template
. 1–8/APPSI
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for folding the target segment. Secondary-structure
predictions suggest b-conformation toward the N
terminus of the 45-residue sequence and an a-helix
toward the C terminus.42 Formation and regulation
of this interaction are likely to be important aspects
of checkpoint signaling.
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Comparison to mRNA export factor Rae1

Bub3 has substantial sequence similarity with the
protein Ra1; the two have 26% identity and 42%
similarity in yeast, and 34% identity and 52%
similarity in humans (Figure S2—supplement).
Several lines of evidence support the hypothesis
that Rae1 (also called Gle2) associates with mRNP
complexes to facilitate their export from the
nucleus.43 Rae1 binds the nuclear pore complex
through a short, so-called GLEBS motif (Gle2p-
binding-sequence); Mad3 and Bub1 also contain a
GLEBS motif, which falls within the region that has
been implicated in Bub3 binding.43 While Bub3
binding appears to be specific for Mad3 and Bub1,
Rae1 appears to be relatively non-specific, binding
the nuclear pore complex as well as Bub1. The
interaction between Bub1 and Rae1 may have a
specific or perhaps redundant role in the spindle
checkpoint; Bub3 or Rae1 haplo-insufficiency in
mice have similar phenotypes exhibiting spindle
checkpoint and chromosome segregation defects.6

Moreover, overexpression of Rae1 complements
Bub3 haplo-insufficiency in mice.6 The sequence
alignment of Rae1 with Bub3 shows conserved
residues located along the top surface of the
propeller and the lateral surface spanning blades
5–6. The two conserved Trp residues on the top
surface of Bub3, which are implicated in Bub1 and
Mad3 binding, are likewise conserved in Rae1.
Therefore, Rae1 and Bub3 probably interact with
Bub1 in a very similar way.
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ECCoordinates

The atomic coordinates for Bub3p and structure
factors have been deposited for immediate release
in the Protein Data Bank with accession code 1U4C.
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