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In budding yeast (Saccharomyces cerevisiae) the multilayered
spindle pole body (SPB) is embedded in the nuclear envelope
(NE) at fusion sites of the inner and outer nuclear membrane.
The SPB is built from 18 different proteins, including the
three integral membrane proteins Mps3, Ndc1, and Mps2.
These membrane proteins play an essential role in the insertion
of the new SPB into the NE. How the huge core structure of the
SPB is anchored in the NE has not been investigated thoroughly
until now. The present model suggests that the NE protein Mps2
interacts via Bbp1 with Spc29, one of the coiled-coil proteins
forming the central plaque of the SPB. To test this model, we
purified and reconstituted the Mps2-Bbp1 complex from yeast
and incorporated the complex into liposomes. We also demon-
strated that Mps2-Bbp1 directly interacts with Mps3 and Ndc1.
We then purified Spc29 and reconstituted the ternary Mps2-
Bbp1-Spc29 complex, proving that Bbp1 can simultaneously
interact with Mps2 and Spc29 and in this way link the central
plaque of the SPB to the nuclear envelope. Interestingly, Bbp1
induced oligomerization of Spc29, which may represent an early
step in SPB duplication. Together, this analysis provides impor-
tant insights into the interaction network that inserts the new
SPB into the NE and indicates that the Mps2-Bbp1 complex is
the central unit of the SPB membrane anchor.

The GDa yeast spindle pole body (SPB),3 the functional
equivalent of the mammalian centrosome, organizes nuclear
and cytoplasmic microtubules and, therefore, is a major player
in chromosome segregation and positioning of the nucleus (for
review, see Ref. 1). Similar to the much smaller nuclear pore
complex (NPC, 40 –70 MDa), the SPB is embedded within the
nuclear envelope at fusion sites between the inner (INM) and
outer nuclear membrane (ONM, 2).

From the 18 different proteins forming the SPB, 10 proteins
build up the cylindrical 0.5-GDa core unit of the SPB, which is
organized in three vertical layers, the outer, central, and inner
plaques (1, 3). Four proteins, Sfi1, Cdc31, the tail-anchored
membrane protein Kar1, and the SUN domain containing
membrane protein Mps3 (4), constitute the half-bridge/bridge
being essential for the once per cell cycle duplication of the SPB
(for review, see Refs. 5 and 6). A network of four proteins, Mps2,
Bbp1, Ndc1, and Nbp1, collectively named the SPB insertion
network (SPIN), is essential for insertion of the newly formed
SPB into the nuclear envelope (for review, see Ref. 7). Mps2 is an
integral membrane protein containing one transmembrane
domain (8, 9) and interacts with Bbp1 (10) and the integral
membrane protein Mps3 (4). Experimental data indicate the
localization of the C-terminal domain of Mps2 in the perinu-
clear space (4, 10). Mps2 and Bbp1 each contain two predicted
coiled-coil regions (CC), and based on the interaction of sub-
fragments from both proteins, it was proposed that CC2 of
Mps2 interacts with CC1 of Bbp1 (Ref. 11, supplemental Fig.
S1A). The integral membrane protein Ndc1 contains six or
seven transmembrane helices in the N-terminal half and has a
large soluble C-terminal domain (12). Ndc1 is not only a SPB
component but also associates with NPCs (13) where it forms
together with the proteins Pom34 and Pom152 membrane
rings that anchor the NPC to the pore membrane (14). Consist-
ent with its localization, Ndc1 plays a role in NPC biogenesis
(15–18).

The SPIN component Nbp1 is a monotopic inner nuclear
membrane protein that contains an N-terminal amphipathic
�-helix, which serves as an in-plane membrane anchor (19).
Proteins containing amphipathic �-helices can either sense
membrane curvature (20) or remodel membranes (21–23).
Nbp1 interacts with both Ndc1 and the Mps2-Bbp1 complex
(10, 24) and may be involved in fusion of nuclear membranes
(19).

The central plaque of the SPB is formed by the interacting
Spc42 and Spc29 proteins (25, 26). Spc42 forms a regular hex-
agonal lattice within the central plaque (27). Spc29, by interact-
ing with Spc110, links the central plaque with the �-tubulin
complex of the inner plaque (26). The C terminus of Spc42
connects the central plaque of the SPB via the protein Cnm67 to
the outer plaque (28).

How the huge core structure of the SPB is embedded in the
nuclear envelope is poorly understood. However, Bbp1 (29, 30),
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which is present at the periphery of the central plaque, interacts
with the nuclear envelope protein Mps2 and the central plaque
protein Spc29 (10, 31), raising the possibility of its role as a
linker between the SPB core and the nuclear envelope. Such a
model predicts the existence of a stable ternary Mps2-Bbp1-
Spc29 complex that may anchor additional SPIN components
to the SPB.

Here, we address the important question of how a structure
like the SPB is embedded in the nuclear envelope. We show
purification and characterization of the Mps2-Bbp1 complex
and the importance of coiled-coil interactions between Mps2
and Bbp1 for complex formation. Using purified Spc29 and the
Mps2-Bbp1 complex, we reconstituted a high molecular weight
ternary Mps2-Bbp1-Spc29 complex. Moreover, our experi-
ments indicate that Bbp1 has the ability to oligomerize Spc29.
The high molecular weight Mps2-Bbp1-Spc29 complex may
resemble an early step in SPB duplication leading to the forma-
tion of the satellite, a SPB precursor. The Mps2-Bbp1 complex
also interacts with the purified Mps3 and Ndc1 proteins, sug-
gesting that Mps2-Bbp1 has a key role in recruiting SPIN pro-
teins to the periphery of the central plaque. In summary, SPIN
components show multiple biochemical interactions that are
likely important for the insertion of the new SPB into the
nuclear envelope.

Results

Mps2 and Bbp1 form a stable membrane-bound complex

Mps2 and Bbp1 are key mediators of the link between the
nuclear envelope and the SPB because of their interactions with
the integral membrane protein Mps3 and the central plaque
component Spc29 (4, 31). To understand how Mps2 and Bbp1
fulfill their central role in membrane insertion of the SPB, we
purified both proteins from Saccharomyces cerevisiae (32). The
soluble His6-Mps2-(1–306) protein, comprising the cytoplas-
mic domain of Mps2, runs as a 304-kDa protein by gel filtration
(supplemental Figs. S1, A and B). In contrast, Mps2-His10 that
was purified in the presence of the detergent lauryl dimethyl-
amine-N-oxide (LDAO) had an apparent molecular mass
of �436 kDa (calculated molecular mass of the monomer,
46.8 kDa) (supplemental Fig. S1C). Next, we co-overexpressed
MPS2-His10 together with BBP1 in S. cerevisiae. To correct for
different expression rates of MPS2-His10 and BBP1 and to
ensure that most of the purified Mps2-His10 protein was in
complex with Bbp1, we transformed S. cerevisiae cells simulta-
neously with the plasmids p423-GAL1-BBP1, p424-GAL1-
BBP1, p425-GAL1-BBP1, and p426-GAL1-MPS2-His10 and
subsequently induced the GAL1 promoter by the addition of
galactose (supplemental Fig. S2A). We purified the Mps2-
His10-Bbp1 complex by Ni-NTA purification and gel filtration
chromatography (Fig. 1, A–C). Mps2-His10 and Bbp1 co-eluted
at 11.89 –11.91 ml from the Superose 6 column in LDAO con-
taining buffer (Fig. 1, A and E), whereas Mps2-His10 eluted at a
larger volume (Fig. 1C; 13.39 ml). The elution volume of the
Mps2-Bbp1 complex was unaffected when cells expressed an
excess of MPS2 over BBP1 (supplemental Fig. S2A; GAL1-
MPS2-His10 GAL1-BBP1 cells), suggesting a stable complex
stoichiometry. Based on intensity measurements of the Coo-

massie Blue-stained bands, we estimated a molar ratio of 1.7 for
Mps2 and Bbp1 in the complex (Fig. 1, A and B).

Mass spectrometry of the Mps2-His10-Bbp1 complex
showed that S232 of Mps2, which is located between the two
coiled-coil domains, was phosphorylated (supplemental Fig.
S2B; compare Ref. 33). However, phosphorylation of Mps2 and
Bbp1 was not required for complex formation as the Mps2-
Bbp1 complex also assembled in Escherichia coli (supplemental
Fig. S2C).

The purified Mps2-His10-Bbp1 complex (and as a control,
Mps2-His10) was reconstituted into liposomes by rapid dilu-
tion of the detergent (Fig. 1D). Mps2 and Bbp1 co-migrated
with the fluorescently labeled liposomes in Nycodenz gradi-
ents. The formation of Mps2-Bbp1 proteoliposomes proved
that Mps2-Bbp1 was indeed a stable membrane protein
complex.

To test whether Mps2 and Bbp1 are capable of forming com-
plexes without the help of additional factors, separately purified
Bbp1-His10 (supplemental Fig. S2D) and Mps2-His10 proteins
were used for complex reconstitution (Fig. 1E). Formation of
the Mps2-His10-Bbp1-His10 complex was analyzed by gel filtra-
tion chromatography. Similar to the purified Mps2-His10-Bbp1
complex (Fig. 1E, bottom panel; 11.91 ml, corresponding to an
apparent molecular mass of �1 MDa), in vitro assembled
Mps2-His10-Bbp1-His10 complex was detected at an elution
volume of 12.24 ml. In addition, a high molecular weight Mps2-
His10-Bbp1-His10 complex (elution volume of 7.84 ml) eluted
close to the void volume of the column (Fig. 1E, top, �7.5–7.7
ml). Thus, Bbp1 and Mps2 assemble in vitro into stable medium
and high size molecular weight complexes.

Coiled-coil domain interactions are important for Mps2-Bbp1
complex stability

It has been shown that Bbp1 and Mps2 each contain two
different coiled-coil domains: self-associating, homotypic ones
for Bbp1-Bbp1 and Mps2-Mps2 homo-dimer formation and
heterotypic coiled-coil interactions that allow assembly of
Mps2-Bbp1 (Ref, 11; compare supplemental Fig. S1A). We
asked if this hetero-association of coiled-coil domains is indeed
the reason for Mps2-Bbp1 complex formation. The elution
volume of Mps2 and Mps2-His10-Bbp1 in gel filtration
experiments depended on the detergent type. If Fos-cho-
line-12 (Fos12, n-dodecylphospho-choline) was used, the
apparent molecular mass of Mps2-His10 was 215 kDa and
not 419 kDa, as was the case in LDAO-containing buffer (Fig.
2A, top panel). This suggests dissociation of Mps2-Mps2
homo-assemblies by Fos12. In addition, although an Mps2-
Bbp1 complex with an apparent molecular mass of more
than 600 kDa was detectable in the presence of LDAO (Fig.
2B, bottom panel, M-B), this complex was absent when Fos12
was used (Fig. 2, A and B). The outcome of Fig. 2, A and B, led
to the idea that Fos12 destabilizes certain types of coiled-coil
interactions.

To test this model, we purified the C-terminal soluble frag-
ment of SPIN component Nbp1 Nbp1-(174 –319) that homo-
dimerizes via coiled-coil interactions (11). As a control, we used
the Nbp1-(220 –319) fragment lacking the coiled-coil region
(Fig. 2C). In the absence of detergent, Nbp1-(220 –319)-sfGFP-
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His6 eluted at an apparent molecular mass of �74 kDa, whereas
the corresponding Nbp1 fragment with the coiled-coil region
(Nbp1-(174 –319)-sfGFP-His6) run at 188 kDa, confirming the
homo-dimerization of Nbp1 by coiled-coil interactions. We
next analyzed Nbp1 fragments in the presence of either n-do-
decyl-�-D-maltoside (DDM) or Fos12. The apparent molecular
mass of Nbp1-(174 –319)-sfGFP-His6 changed from 257 kDa to
116 kDa when DDM was exchanged for Fos12, whereas sfGFP-
His6 and Nbp1-(220 –319)-sfGFP-His6 remained unaffected by
this detergent change.

We concluded that Fos12 disrupts homotypic coiled-coil
interactions of the Bbp1-Mps2 complex and, therefore, disso-
ciates Bbp1-Bbp1 and Mps2-Mps2 binding. Purification of the

Mps2-Bbp1 complex in the presence of LDAO with subsequent
addition of Fos12 triggered partial disassembly of the Mps2-
Bbp1 complex (Fig. 2D). It is, therefore, reasonable to assume
that Fos12 also disrupts heterotypic coiled-coil interactions
between Mps2 and Bbp1.

Reconstitution of the Mps3-Mps2-Bbp1 complex

The inner nuclear membrane protein Mps3 is a member of
the SUN protein family (supplemental Fig. S3A; Ref. 4) and one
of the components of the SPB half-bridge. Purified Mps3 from
yeast was found in a complex with histone (34) and ribosomal
proteins (supplemental Fig. S3B) and could be reconstituted
into liposomes (supplemental Fig. S3C). We next confirmed

Figure 1. Purification and reconstitution of the Mps2-Bbp1 membrane protein complex. A, purification of the Mps2-His10-Bbp1 protein complex from
TKY384 yeast cells. Membrane proteins of galactose-induced TKY384 cells were solubilized with 1% LDAO, and Mps2-His10 was purified by IMAC and then
analyzed by gel filtration on a Superose 6 column (upper panel) and subsequent SDS-PAGE and immunoblotting using anti-Mps2, anti-Bbp1, and anti-penta-His
antibodies (lower panel). mAU, milliabsorbance units. B, the Mps2:Bbp1 ratio (as determined by quantifying the Coomassie Blue R250-stained gel shown in A
with ImageJ; AU, absorbance units) was �1.7 and constant in the peak fractions of the gel filtration chromatography. C, comparison of Mps2 (blue line) and
Mps2-Bbp1 (orange line) gel filtrations (upper panel). The peak fractions were analyzed by SDS-PAGE and Coomassie staining (lower panel). �Mps2-His10 and
�Bbp1 are degradation products of Mps2-His10 and Bbp1, respectively. D, reconstitution of Mps2 and Mps2-Bbb1 complex into liposomes. Formation of
proteoliposomes was analyzed by SDS-PAGE and subsequent Coomassie staining (upper panel) and immunoblotting (anti-Mps2/anti-Bbp1 antibodies; lower
panel), respectively. Input, protein-lipid mixture diluted below critical micelle concentration (CMC) of the detergent and mixed with Nycodenz solution;
Proteolip, floated proteoliposome fractions obtained after centrifugation. To visualize flotation of the formed proteoliposomes, the same volumes of inputs and
floated proteoliposome fractions were analyzed. E, reconstitution of the Mps2-Bbp1 complex from purified Mps2-His10 and Bbp1-His10 proteins. Mps2-His10
and Bbp1-His10 were mixed in a molar ratio of �1:1, incubated for 15 min at room temperature, and then analyzed by gel filtration on a Superose 6 column
(upper panel). In control experiments Mps2-His10, Bbp1-His10, and gel filtration-purified Mps2-His10-Bbp1 complex were treated in the same way. Proteins
eluted from the Superose 6 column were analyzed by immunoblotting using an anti-Mps2 antibody (lower panel). The formed Mps2-His10-Bbp1-His10 complex
eluted at �12.24 ml, and an additional “high molecular weight” Mps2-His10-Bbp1-His10 complex is marked with an asterisk. The reconstituted Mps2-His10-
Bbp1-His10 complex could not be analyzed for the presence of Bbp1 because our Bbp1 antibody did not detect C-terminally tagged Bbp1. An anti-penta-His
antibody did not allow discrimination of the similar-sized Mps2-His10 and Bbp1-His10 proteins.
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Mps3-Mps2 complex formation by size-exclusion chromatog-
raphy (Fig. 3, A–C). The same approach was used to reconsti-
tute an Mps3-Mps2-Bbp1 complex (Fig. 3, D–G). Using DDM
as detergent, Mps2-Bbp1 was eluted in two complexes from the
Superose 6 column (Figs. 3, F and G, and supplemental Fig. S6;
a “high molecular weight complex” eluting next to the void
volume of the column and the “medium molecular weight”
complex eluting as seen with LDAO at �12 ml). Adding Mps3
in molar excess to Mps2-Bbp1 led to a shift of the elution vol-
ume of both Mps2-Bbp1 complexes (Fig. 3, E and G). The for-
mation of the Mps3-Mps2-Bbp1 complex became visible as an

increase of the Mps2, Bbp1, and Mps3 blot signal intensities at
an elution volume from �8 to 10 ml (Fig. 3, E and G). Thus,
Mps3 forms a stable complex with Mps2-Bbp1.

Interaction of the integral membrane protein Ndc1 with the
Mps2-Bbp1 complex

To understand the function of Ndc1 in anchoring SPBs and
NPCs to the nuclear envelope in more detail, characterization
of Ndc1 was of special importance. We solubilized Ndc1-His10
and Ndc1-sfGFP-His10 with detergent (Figs. 4A and supple-
mental Fig. S3D) and demonstrated that the purified proteins

Figure 2. The stability of the Mps2-Bbp1 complex is based on coiled-coil domain interactions. A, purification of the Mps2-Bbp1 complex failed
using Fos12 as detergent. Mps2-His10 (upper panel) and Mps2-His10-Bbp1 (lower panel) were purified from galactose-induced yeast TKY376 and TKY377,
cells respectively. The copy number of the BBP1 gene in TKY377 cells is lower than in TKY384 cells so that in this case not all purified Mps2 protein was
in the Mps2-Bbp1 complex (compare Fig. 1 and supplemental Fig. S2A). Mps2 and Mps2-Bbp1 each were purified using the detergents Fos12 (left panel)
and LDAO (right panel) and analyzed by gel filtration on a Superdex 200 column. Complexes are shown in a schematic way, because the exact number
of monomers is not known. mAU, milliabsorbance units. B, immunoblot analysis of Mps2-Bbp1 purifications in the presence of Fos12 and LDAO,
respectively. The fractions from the gel filtration experiments in A were analyzed by immunoblotting with anti-Mps2, anti-Bbp1, and anti-penta-His
antibodies, respectively. The Mps2-Bbp1-complex (M-B) was only detectable when LDAO was used as detergent. The elution volume of Mps2 clearly
depended on the used detergent und was significantly decreased in the Mps2-Bbp1 complex. C, the apparent molecular weight of the C-terminal Nbp1
domain was changed in the presence of Fos12 detergent. sfGFP-His6 (control protein), Nbp1-(174 –319)-sfGFP-His6 (having a strong N-terminal coiled-
coil (CC) domain from amino acids 174 –219; 46.7 kDa), and Nbp1-(220 –319)-sfGFP-His6 (41.2 kDa) were purified from E. coli, adjusted to 10 mM DTT, and
incubated for 5 min at 4 °C with no detergent, 0.2% DDM, or 0.1% Fos12. Gel filtration on a Superdex 200 column using different buffer conditions (no
detergent versus 0.2% DDM versus 0.1% Fos12 in 50 mM Tris/HCl, pH 8.0, 300 mM NaCl, 10% glycerol buffer) was followed by absorbance at 490 nm. The
peak fractions (1– 4) of the gel filtration runs were analyzed by SDS-PAGE to verify the correct sizes of monomeric proteins. D, the Mps2-Bbp1 complex
purified using LDAO as detergent was disrupted by the addition of Fos12. Mps2-His10-Bbp1 was purified from galactose-induced yeast TKY377 cells
using LDAO as detergent. Then, to one aliquot of the IMAC eluate, 1% Fos12 was added, and after 5 min of incubation at room temperature the reaction
mixtures were analyzed by gel filtration on a Superose 6 column (with 0.1% LDAO in the running buffer). The eluted fractions were analyzed by
immunoblotting with anti-Bbp1 antibodies.
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could be reconstituted into liposomes (Fig. 4B). We next
focused on the interaction of Ndc1 with Bbp1. NDC1-His10 and
untagged BBP1 were co-overexpressed in yeast (Fig. 4C). Sur-
prisingly, Bbp1 co-eluted with Ndc1 from the Ni-NTA column,

whereas in the absence of Ndc1 there was only an unspecific
interaction of Bbp1 with the Ni-NTA beads (Fig. 4C, Bbp1
immunoblots). Interestingly, traces of Mps2 co-eluted with
Ndc1 and Bbp1 (MPS2 was not overexpressed in this experi-

Figure 3. Interaction of the SUN-domain protein Mps3 with the Mps2-Bbp1 complex. A–C, reconstitution of a Mps3-Mps2 complex. A, Mps3-His10 and
Mps2-His10 were separately purified by solubilization with DDM and subsequent IMAC. Mps3 (in molar excess) was mixed with Mps2 and analyzed by
SDS-PAGE and Coomassie staining. B, gel filtration of Mps2-His10, Mps3-His10, and the Mps3-His10-Mps2-His10 mixture was performed on a Superose 6 column
(red line, experimental data; blue line, calculated data if Mps2-His10 and Mps3-His10 do not interact). mAU, milliabsorbance units. Complex formation is visible
as a shoulder in the chromatogram. C, proteins eluted from the Superose 6 column were analyzed by immunoblotting with anti-Mps2 antibodies. The
formation of the Mps3-Mps2 complex was visible as an increase of the Mps2 blot signal intensity at an elution volume of �9 to 11 ml. D–G, reconstitution of the
Mps3-Mps2-Bbp1 complex. Mps3-His10 and the Mps2-His10-Bbp1 complex were separately purified by solubilization with DDM and subsequent IMAC. Mps3
(in molar excess) was mixed with Mps2-Bbp1 (inputs were analyzed by SDS-PAGE and Coomassie staining: 1, Mps3-His10; 2, Mps3 � Mps2-His10-Bbp1) (D) and
analyzed by gel filtration on a Superose 6 column (complex formation is visible as a shoulder in the chromatogram) (E). F, in control experiments the Single
proteins Mps3-His10 and the Mps2-His10-Bbp1 complex were treated in the same way. Elution from the gel filtration column was followed by absorbance at 280
nm (F) and immunoblotting with anti-Bbp1, anti-Mps2 and anti-Mps3 antibodies, respectively (G).
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ment), indicating the presence of Ndc1-Bbp1-Mps2 interac-
tions. The interaction between Ndc1 and Bbp1 is probably
weak as Bbp1 was copurified in the amounts substoichiometric

to Ndc1. Our data support the idea that Ndc1, Mps2, and Bbp1
form a network of membrane-associated proteins that may be
crucial for SPB membrane insertion.

Figure 4. Interaction of the nuclear envelope protein Ndc1 with the Mps2-Bbp1 complex. A, purification of Ndc1-sfGFP and Ndc1-sfGFP-His10. Upper
panel, after disruption of induced yeast TKY321 cells with glass beads and centrifugation at 12,000 � g, a green layer is visible on top of undisrupted cells. Lower
panel, IMAC-purified Ndc1-His10 eluted at 9.84 ml from the Superdex 200 column (used detergent, Fos12; for more details see supplemental Fig. S3D), whereas
IMAC-purified Ndc1-sfGFP-His10 eluted at 9.47 ml. These elution volumes correspond to apparent molecular masses of 357 kDa (Ndc1-His10) and 423 kDa
(Ndc1-sfGFP-His10). mAU, milliabsorbance units. B, reconstitution of Ndc1-His10 and Ndc1-sfGFP-His10 into liposomes. IMAC-purified Ndc1-His10 and Ndc1-
sfGFP-His10 proteins were reconstituted into liposomes by rapid dilution of the detergent Fos12. A, Ndc1-sfGFP-His10 with non-labeled lipid mix; Ndc1-sfGFP-
His10 (B) and Ndc1-His10 (C) with lipid mix containing rhodamine-DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-amine-N-(lissamine rhodamine B sulfo-
nyl). The floated proteoliposomes obtained after density gradient centrifugation (upper panel of the figure; see green floating Ndc1-sfGFP-His10
proteoliposomes in A) were then analyzed by SDS-PAGE and subsequent Coomassie staining (lower panel; 1, 20-�l input (before centrifugation); 2, 10-�l floated
proteoliposome fraction). C, copurification of (Mps2)-Bbp1 with Ndc1. Membrane proteins solubilized with LDAO were purified from galactose induced
TKY375 (GAL1-NDC1-His10/GAL1-BBP1) and TKY383 (GAL1-BBP1) cells by IMAC. Expression and elution from the Ni-NTA column was followed by SDS-PAGE (MB,
Mps2-His10-Bbp1 protein as control protein; PS, 100-, 70-, and 55-kDa standard proteins; T, total proteins � crude cell extract; S, soluble proteins; M, membrane
fraction; SM, membrane proteins solubilized with 1% LDAO) and immunoblotting using anti-Bbp1 antibodies (blue blots) and anti-Mps2 antibodies (gray blots),
respectively.
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Reconstitution of Spc29-Bbp1 and Mps2-Bbp1-Spc29
complexes

The central plaque protein Spc29 contains a coiled-coil
domain (residues 7– 45) that does not homo-associate in isola-
tion. In addition, Spc29 carries a second, strongly self-associat-
ing coiled-coil region (residues 129 –174) that likely forms
homo-trimers (35). Previously we have shown that Bbp1 inter-
acts with Spc29 in pull down experiments (31) and an interac-
tion between both proteins has been implicated based on yeast
two-hybrid data (10). To gain more insights into the interac-
tion of Spc29 with Bbp1 and with the Mps2-Bbp1 membrane
protein complex, we purified full-length His-sfGFP-Spc29
from yeast (Fig. 5, A and B) in the presence of RNase A to
remove RNA, which otherwise co-purified with Spc29 (sup-
plemental Fig. S4, A and B). The reason for this co-purifica-
tion of Spc29 with RNA is presently unknown and requires
further investigation.

Reconstitution of the Spc29-Bbp1 complex was achieved by
incubating Bbp1–10His with a molar excess of His-sfGFP-
Spc29. Formation of the complex was indicated by gel filtration
(apparent molecular mass of �4 MDa; Fig. 5, B and C). We
ensured in control experiments that the single proteins did not
form higher homo-oligomers.

Our model suggests that interaction of Mps2-Bbp1 with
Spc29 anchors the core structure of the SPB in the nuclear
envelope. This predicts the existence of the ternary Mps2-
Bbp1-Spc29 complex. In a first experiment we observed that at
a low detergent concentration His-Mps2-(1–306) (a soluble
protein lacking the transmembrane domain), which was puri-
fied from E. coli (supplemental Fig. S1B), Bbp1-His and His-
sfGFP-Spc29 co-precipitated, indicating the formation of large
oligomeric complexes (Fig. 5D). At 0.1% LDAO, soluble ternary
Mps2-(1–306)-Bbp1-Spc29 complex assembled (supplemental
Fig. S4, C–F). We next reconstituted the Mps2-Bbp1-Spc29
complex from purified Mps2-Bbp1 and Spc29 in DDM-con-
taining buffer (Fig. 6, A–D). The medium molecular weight
Mps2-Bbp1 complex (which is also in DDM-containing buffer
the main species if the Mps2-Bbp1 complex concentration is
low; Fig. 6, B and D) was incubated with a molar excess of Spc29.
This promoted formation of a Mps2-Bbp1-Spc29 complex elut-
ing at 7.5 ml within the void volume of the Superose 6 column
(Fig. 6, B–D). Interestingly, incubation of Spc29 with Mps2-
Bbp1 not only led to formation of the ternary Mps2-Bbp1-
Spc29 complex but also to homo-oligomeric Spc29 complexes
eluting between �9.0 to �14 ml (Fig. 6, B, middle chromato-
gram, and D), thus at a higher apparent molecular weight than
only Spc29. In contrast, no Spc29 was eluted in the analyzed
range between 7.14 and 12.74 ml in the absence of Mps2-Bbp1
(Fig. 6D, bottom panel). These data suggest that the Mps2-Bbp1
complex induces oligomerization of Spc29 without being part
of the Spc29 oligomeres. Spc29 oligomerization was also
observed in the presence of Bbp1 (Fig. 5, B and C) but not by
Mps2 (Fig. 6B and supplemental Fig. S5), suggesting that the
interaction with Bbp1 was responsible for the oligomerization
of Spc29.

Additional studies also showed that the high molecular
weight Mps2-Bbp1 complex (eluting at 7.83 ml) formed a com-

plex with Spc29 that eluted at 7.73 ml (within the void volume
of the column; supplemental Fig. S6, A and B). In a mixture of
Mps2-Bbp1 and Mps2, Spc29 specifically interacted with
Mps2-Bbp1 and not with Mps2 (supplemental Fig. S6, C–E and
the control experiment in Fig. 6B). Thus, Bbp1 in the Mps2-
Bbp1 complex interacts with Spc29 to oligomerize Spc29 and to
form an Mps2-Bbp1-Spc29 complex.

Figure 5. Reconstitution of Spc29-Bbp1 complexes. A and B, a molar
excess of His-sfGFP-Spc29 was mixed with Bbp1-His10 in LDAO-containing
buffer for 15 min at room temperature. The single Bbp1-His10 and His-sfGFP-
Spc29 proteins were treated in the same way. Protein solutions were analyzed
by SDS-PAGE and Coomassie staining (1, His-sfGFP-Spc29 � Bbp1-His10; 2,
Bbp1-His10; 3, His-sfGFP-Spc29) (A) and by gel filtration on a Superose 6 col-
umn following the absorbance at 490 nm (absorbance maximum of GFP pro-
teins) (B). mAU, milliabsorbance units. An arrow indicates the Spc29-Bbp1
complex. The shoulder in the Spc29 chromatogram in presence of Bbp1 indi-
cates Spc29 oligomerization. C, proteins eluted from the Superose 6 column
were subjected to immunoblotting using anti-penta-His and anti-Spc29 anti-
bodies, respectively. D, coprecipitation of the soluble N-terminal domain of
Mps2 together with Spc29 and Bbp1. His-Mps2-(1–306) (in molar excess),
Bbp1-His, and His-sfGFP-Spc29 co-precipitated at a low LDAO concentration
(�0.03%). The assay was centrifuged for 5 min at 20,000 � g and separated
into pellet (P) and supernatant (S) and analyzed by SDS-PAGE and Coomassie
staining. The supernatant still contained soluble His-Mps2-(1–306) but only
minor amounts of Spc29 and Bbp1.
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Discussion
SPBs and NPCs both are inserted into fusion sites of the outer

and inner nuclear membranes (discussed and reviewed in Refs.

36 –38). Genetic and initial biochemical studies indicate that
complexes containing Mps2, Mps3, Nbp1, and Ndc1 could
function as membrane anchor for the SPB (for review, see Ref.

Figure 6. Reconstitution of the Mps2-Bbp1-Spc29 membrane protein complex anchoring the spindle pole body in the nuclear envelope. A and B, molar
excess of His-sfGFP-Spc29 was mixed either with purified Mps2-His10-Bbp1 complex or with purified Mps2 (control) in DDM containing buffer for 15 min at
room temperature. The single proteins His-sfGFP-Spc29, Mps2-Bbp1-His10 complex, and Mps2-His10 were treated in the same way. All protein purifications
were performed in the presence of RNase A. Protein solutions were analyzed by SDS-PAGE and Coomassie staining (Inputs gel filtration: 1, Spc29 � Mps2-Bbp1;
2, Spc29) (A) and by gel filtration on a Superose 6 column following the absorbance at 280 nm (left chromatogram) and 490 nm (middle chromatogram) (B). mAU,
milliabsorbance units. The right chromatogram shows the control experiment with Mps2 (extended analysis in supplemental Fig. S5). C, the elution of
Mps2-Bbp1-Spc29 and Spc29 from the Superose 6 column was compared with the elution of standard proteins. D, proteins eluted from the Superose 6 column
were subjected to immunoblotting using anti-Spc29 antibodies and a mixture of anti-Bbp1 and anti-Mps2 antibodies, respectively. The assembled Mps2-
Bbp1-Spc29 complex was eluted within the void volume of the Superose 6 column at 7.50 ml. Interaction with Mps2-Bbp1 also led to the formation of higher
molecular weight Spc29 complexes by oligomerization (h.-o. Spc29/homo-oligomeric Spc29; in the absence of Mps2-Bbp1, no Spc29 was eluted from the
Superose 6 column within the analyzed volume range as shown in the bottom blot). E, model for the in vitro formation of the Mps2-Bbp1-Spc29 complex. We
assume that in presence of the membrane protein complex Mps2-Bbp1, the central plaque protein Spc29 is oligomerized and that in a second step a high
molecular weight Mps2-Bbp1-Spc29 complex is formed that may resemble an early satellite structure or the central plaque of the SPB. For simplicity reasons,
detergent micelles are not shown. F, different views on a simplified central plaque structure of the SPB (Spc42 and the other plaques of the SPB are not shown).
The membrane protein complex Mps2-Bbp1 anchors the Spc29 layer of the SPB to the nuclear envelope at fusion sites of the INM and ONM. Due to additional
interactions of Spc29 with Spc42 and Spc110, respectively, the entire SPB is stably inserted into the nuclear envelope.
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7). However, in vitro studies of SPB membrane insertion and
anchoring are hampered by the difficulty of purifying coiled-
coil and integral membrane proteins. The coiled-coil domain is
a common feature of SPB proteins that is used for the oligomer-
ization of plaque proteins (35). It has been estimated that a
diploid SPB contains �1000 copies each of Spc42 and Spc110
(30), indicating that there might be a similar number of Spc29
molecules in the central plaque.

Here, we focused on the biochemical characterization of
membrane anchor proteins of the SPB and of the central plaque
protein Spc29 with a focus on the role of the Mps2-Bbp1 com-
plex in membrane tethering of the SPB. We were able to purify
a stable Mps2-Bbp1 complex and incorporated this complex
into liposomes resembling the lipid composition of yeast endo-
plasmic reticulum. This proves the stability of the Mps2-Bbp1
complex in a native lipid environment. Based on binding of
isolated coiled-coil regions, it was suggested that the Mps2-
Bbp1 complex contains both subunits in a 4:1 ratio (11). How-
ever, our measurements indicate that the Mps2:Bbp1 ratio is
closer to �1.7. At present, the total number of Mps2 and Bbp1
molecules in the complex is unknown. Because of very similar
molecular masses of Mps2-His10 (46.8 kDa) and Bbp1 (45.4
kDa), light scattering (error in molecular mass determination of
membrane protein complexes is �5%) cannot be used to deter-
mine unambiguously the stoichiometry of the Mps2-His10-
Bbp1 complex (39).

Interestingly in the presence of the detergent Fos12, the
apparent molecular weight of purified Mps2 was only half that
with LDAO, although Fos12 and LDAO form similar sized
micelles of �20 kDa (see Anatrace product information).
LDAO and Fos12 both are zwitterionic detergents with a dode-
cyl chain; however, in Fos12 this dodecyl chain is linked to a
negatively charged phosphate group, whereas in LDAO the
dodecyl chain is linked to a positively charged nitrogen atom.
Our analysis suggests that Fos12 can disrupt coiled-coil inter-
actions. The underlying mechanism is not known but likely
Fos12 destabilizes hydrophobic interactions within coiled coils.
We propose that coiled-coil interactions are also essential for
Mps2-Bbp1 complex formation in vivo and thus in membrane
insertion and anchoring of the SPB.

Ndc1 is a shared component of NPCs and SPBs (13) and from
biochemical and genetic studies it was already known that Ndc1
plays a role in NPC (14) and SPB (12) membrane insertion and
anchoring. A recent structured illumination microscopy (SIM)
study showed that a ring of Bbp1-mTourqoise2 co-localizes
with Ndc1-YFP at the SPB (40). Our co-purification experi-
ments of Ndc1 and Bbp1 (Fig. 4C) support an interaction
between Ndc1 and Bbp1-Mps2. Whether this interaction is
direct has to be addressed in further studies. We also showed
that Mps3 not only interacts with Mps2 (4) but also with the
Mps2-Bbp1 complex. The Mps3-Mps2-Bbp1 complex may
play a role early in SPB-duplication, as the inability of mps2–
381 to form a bridge or satellite at the restrictive temperature is
related to decreased binding affinity of the Mps2 C terminus to
the SUN-domain of Mps3 (4). In addition, the SUN protein
Mps3 interacts with Ndc1, and it has been proposed that this
interaction controls the distribution of Ndc1 between the SPB
and the NPCs (41). Taken these data together, it is reasonable to

assume the existence of a quaternary Mps3-Mps2-Bbp1-Ndc1
complex. Biochemical data suggest that in this complex Ndc1
and Mps3 interact independently with Mps2-Bbp1. It is, how-
ever, possible that Mps3 assists the binding of Ndc1 to the
Mps2-Bbp1 complex.

We were not able to purify a stable Mps2-Bbp1-Spc29 com-
plex from yeast cells overexpressing the three genes, probably
because the interaction between Spc29 and Bbp1 is not as
strong as the interaction between Mps2 and Bbp1. However,
reconstitution of the ternary Mps2-Bbp1-Spc29 complex from
purified Mps2-Bbp1 and Spc29 proteins was successful. The
Mps2-Bbp1-Spc29 complex eluted within the void volume of
the Superose 6 gel filtration column. That the exclusion limit is
40 MDa indicates the formation of large Mps2-Bbp1-Spc29 olig-
omers. This oligomerization reaction may be of importance for
the assembly of the SPB satellite in early G1 phase of the cell
cycle.

In the presence of Mps2-Bbp1 (but not Mps2; Fig. 6, B–D,
and supplemental Fig. S5) a portion of Spc29 eluted at a higher
molecular weight than the single protein Spc29 without obvi-
ous complex formation with Mps2-Bbp1 (Fig. 6D). We propose
that Mps2-Bbp1 can change the structure of Spc29 leading to
the self-oligomerization of Spc29. This property raises the pos-
sibility that formation of the high molecular weight Mps2-
Bbp1-Spc29 complex occurs in vitro in two steps. First, the
Mps2-Bbp1 complex oligomerizes the central plaque protein
Spc29. Second, the high molecular weight Mps2-Bbp1-Spc29
complex forms by the binding of Mps2-Bbp1 (and low molec-
ular weight Mps2-Bbp1-Spc29) to the Spc29 platform (Fig. 6E).

The known localization of Mps2-Bbp1 at the periphery of the
central plaque together with its binding to Mps3, Ndc1, and
Spc29 supports the model that in vivo the Mps2-Bbp1 complex
anchors the SPB to fusion sites of the INM and ONM (Fig. 6F).
Spc29 has a central role in this process: first, Spc29 together
with Spc42 forms the central plaque. Second, at the central
plaque periphery Spc29 gains the ability to cross-link the cen-
tral Spc42-Spc29 layer with the integral membrane proteins
Ndc1 and Mps3 via the interaction with the Mps2-Bbp1 com-
plex. Third, Spc29 together with Spc42 anchors the �-TuSC
receptor Spc110 to the inner side of the SPB (26). Finally,
as mentioned above, the direct interaction of Spc29 with the
membrane-bound Mps2-Bbp1 complex anchors the central
plaque into the nuclear envelope.

Experimental procedures

Yeast strains, growth conditions, and preparation of popcorn
cells

Plasmids and yeast strains are listed in supplemental Tables
S1 and S2, respectively. Yeast strain ESM356 –1 was a derivative
of S288C. Synthetic complete (SC) SC-Ura or SC-Ura-Leu or
SC-Ura-Leu-His-Trp media were used for growth of the yeast
cells for protein purifications. Glucose was added in precultures
to repress expression under the control of the GAL promoter.
Main cultures used for protein purifications contained 3% raf-
finose, and gene expression was then induced at an A600 of 1–2
by adding 2% galactose. After induction with galactose, yeast
cells were further incubated for 6 – 8 h at 30 °C and 200 rpm.
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Cells were harvested by centrifugation and washed with TN
buffer (50 mM Tris/HCl, pH 7.4, at room temperature, 150 mM

NaCl). The washed cell pellets were then resuspended in TN
buffer containing 2 mM PMSF (1 ml of buffer/1 g of cell pellet
(wet weight)) and dripped into liquid nitrogen. Frozen popcorn
cells were stored at �80 °C.

Plasmid construction

Cloning of the SPB genes was performed using standard tech-
niques. The DNA sequence of all cloned genes was confirmed.

Purification of HisTag proteins from E. coli

For purification of HisTag proteins, 2 liters of E. coli BL21-
CodonPlus-(DE3)-RIL cells transformed with the appropriate
plasmid were grown at 30 °C, induced with 1 mM isopropyl
1-thio-�-D-galactopyranoside at an A600 of 0.4 to 0.5, and
shaken for an additional 1.5–2 h at 30 °C. Cells were then har-
vested and disrupted by sonication in 40 ml of 50 mM Tris-HCl
(either pH 7.4 or pH 8.0 at room temperature), 300 mM NaCl
buffer supplemented with protease inhibitors (and in some
experiments with RNase A). A cleared lysate obtained by cen-
trifugation was adjusted to 20 mM imidazole and then applied to
immobilized metal ion affinity chromatography (IMAC). After
washing the Ni-NTA-column with TN buffer supplemented
with 20 mM imidazole (reducing the NaCl concentration from
300 to 150 mM NaCl), HisTag proteins were eluted with TN
buffer containing 500 mM imidazole and 10% glycerol. If the
protein was not used for interaction studies, washing and elut-
ing steps were performed with 300 mM NaCl. Ni-NTA eluates
were adjusted to 10 mM DTT and concentrated with Vivaspin
500 ultrafiltration spin columns (Sartorius) if necessary, snap-
frozen in liquid nitrogen, and stored at �80 °C.

Purification of integral membrane proteins from yeast cells

Expression and purification of yeast integral membrane pro-
teins was carried out according to Hays et al. (32) yielding mil-
ligram quantities of protein (as estimated from Coomassie-
stained SDS gels) if the best suited detergent was used. Yield
was reduced for the Mps2-Bbp1 complex in cases DDM (for
reconstitution experiments) was used instead of LDAO.

All purification steps were performed at 4 °C using precooled
buffers. 50 g of galactose-induced yeast popcorn cells were dis-
rupted using glass beads (BioSpec, 0.5 mm diameter) and a
French Pulverisette. Glass beads were then separated using
50-ml syringes, and the crude cell extracts were centrifuged for
30 min at 12,000 � g at 4 °C. The membrane, cell debris, and
organelle-containing layer on top of the pellet of unlysed cells
was resuspended and washed with TN buffer containing 1 mM

PMSF. After centrifugation (30 min at 12,000 � g at 4 °C) the
pellets were resuspended in a total volume of 20 ml of TN buffer
containing 1 mM PMSF and 1% detergent (Fos12 or DDM (both
obtained from Anatrace) or LDAO (obtained from Sigma) and
transferred to a 50-ml Falcon tube. Membrane proteins were
solubilized for 1–2 h using a tube roller mixer. To the superna-
tant obtained after centrifugation (30 min at 40,000 � g) 2 ml of
Ni-NTA-agarose (Qiagen), 20 mM imidazole (for His6Tag) or
40 mM imidazole (for His10Tag) and TN buffer up to a total
volume of 50 ml were added (decreasing the detergent concen-

tration from 1.0% to 0.4%). Binding of HisTag proteins to the
Ni-NTA beads was achieved by mixing the suspension for 30
min on a roller mixer. IMAC was then performed as gravity flow
chromatography. The Ni-NTA beads were washed with 6 – 8
ml of TN buffer containing 0.1% of the used detergent (0.2% for
DDM) and either 20 or 40 mM imidazole; HisTag proteins were
subsequently eluted with 500 mM imidazole in TN buffer con-
taining 0.1% detergent (0.2% for DDM) and 10% glycerol and
then adjusted to 10 mM DTT. Proteins were concentrated using
Vivaspin 500 ultrafiltration spin columns, snap-frozen in liquid
nitrogen, and then stored at �80 °C.

Purification of Bbp1 and Spc29 from yeast cells

Bbp1-His10 was purified as described for the integral mem-
brane proteins but using 2.5% LDAO for solubilization of the
protein. His-sfGFP-Spc29 was solubilized using 1% Fos12.
Washing and eluting the Ni-NTA beads with buffers con-
taining no detergent (alternatively IMAC was also used to
exchange the detergent Fos12 to LDAO) removed the deter-
gent. Purification of His-sfGFP-Spc29 from yeast was also
possible using LDAO as detergent, but protein yields were
lower in this case. RNase A was added during cell disruption
and solubilization.

Gel filtration and determination of apparent molecular
weights

Gel filtration of single proteins and protein complexes,
respectively, was carried out at 4 °C using an ÄKTA Purifier
System from GE Healthcare and prepacked columns for high
resolution size exclusion chromatography (either a Superdex
200 10/300 GL or a Superose 6 10/300 GL column). Protein
samples (purified by IMAC and concentrated with Vivaspin
500 ultrafiltration spin columns) were slowly thawed on ice and
centrifuged for 5 min at 20,000 � g at 4 °C (to remove precipi-
tated protein), and then 100 �l of protein aliquots of the super-
natant were subjected to the used gel filtration column equili-
brated in TN buffer containing 10% glycerol, 2 mM DTT, and
0.1% of the appropriate detergent (in case of DDM 0.2%) at a
flow rate of 0.4 ml/min. The elution was followed by absorbance
at 280 nm (and additional wavelengths indicated in the figures),
and 0.4-ml fractions were collected. SDS-PAGE analysis with
subsequent Coomassie staining of the gel filtration runs was
carried out with 11.25–15-�l aliquots of each of the analyzed
fractions. Apparent molecular weights were obtained using
globular standard proteins ovalbumin (44 kDa), albumin (75
kDa), aldolase (158 kDA), ferritin (440 kDa), and thyroglobulin
(669 kDa) for calibration of the gel filtration columns.
Because the proteins analyzed in this study were not globular
but coiled-coil domain proteins and because membrane pro-
teins bind detergent, the calculated apparent molecular
weights do not reflect the exact molecular weight/size of the
analyzed proteins.

Reconstitution of protein complexes

The various proteins purified by IMAC (salt concentration
150 mM NaCl, pH 7.4) and concentrated with Vivaspin 500
ultrafiltration spin columns were mixed (normally using one of
the interacting proteins in molar excess; total volume of the
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interaction assays was �130 to 200 �l), incubated for 15 min at
room temperature, snap-frozen in liquid nitrogen, and stored
at �80 °C. For gel filtration analysis 100-�l aliquots of interac-
tion assays were subjected to a Superose 6 10/300 GL column
(as described above); 3.75–15-�l aliquots of the samples were
analyzed by SDS-PAGE and subsequent Coomassie staining
(input control, visualizing the used ratio of the interacting pro-
teins). In control experiments, single proteins (in some cases
mixed with the used buffer) were treated in the same way. Inter-
action was followed by absorbance and immunoblot analysis
of the eluted proteins. Complex formation can be seen by
comparing the gel filtration chromatogram of a protein com-
plex with the theoretical chromatogram obtained by adding
the chromatograms of the single proteins (�chromatogram
for non- interacting proteins in a mixture). Reconstitution of
the complexes was tried out with the detergents LDAO and
DDM; the successful detergent is mentioned in the respec-
tive figure.

Reconstitution of integral membrane proteins into liposomes

All lipids were purchased from Avanti Polar Lipids; sodium
cholate was from Sigma. For the reconstitution experiments
membrane proteins and lipids were used in a molar ratio of
�1:1000. The lipid mixture used to reconstitute Ndc1, Mps2,
Mps2-Bbp1, and Mps3, respectively, resembles the lipid com-
position of the yeast endoplasmic reticulum (but using choles-
terol instead of ergosterol; Ref. 42) and was composed of 42 mol
% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
6 mol % 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS),
20 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-phoethanol-
amine (POPE), 22 mol % L-�-phosphatidylinositol (liver and
bovine), 10 mol % cholesterol (and optional 2 mol % of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanol-amine-N-(lissa-
mine rhodamine B sulfonyl) (rhodamine-DPPE)). 2.5 �mol of
the dried lipid mixture was solved in 1 ml of protein solution
(250 �l of Ni-NTA-purified protein in detergent, 500 �l of TN
buffer, and 250 �l of 10% sodium cholate in TN buffer). Lipo-
somes were formed by diluting the used detergent below the
critical micelle concentration (with TN buffer containing 1 mM

DTT) followed by desalting using PD10 spin columns (GE
Healthcare) and flotation of the reconstituted liposomes in a
Nycodenz gradient as described previously (43).

Antibodies

Anti-penta-His (Qiagen), affinity-purified anti-Bbp1 anti-
bodies (10), affinity-purified anti-Mps2 antibodies (Schiebel
laboratory), affinity-purified anti-Spc29 antibodies (Schiebel
laboratory), HRP-conjugated goat anti-mouse (Jackson), and
HRP-conjugated goat anti-rabbit (Jackson ImmunoResearch
Laboratories) antibodies were used for protein detection by
immunoblotting.
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