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Structural role of Sfilp—centrin filaments in budding
yeast spindle pole body duplication
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entrins are calmodulin-like proteins present in

centrosomes and yeast spindle pole bodies (SPBs)

and have essential functions in their duplication.
The Saccharomyces cerevisiae centrin, Cdc31p, binds Sfilp
on multiple conserved repeats; both proteins localize to
the SPB half-bridge, where the new SPB is assembled. The
crystal structures of Sfilp—centrin complexes containing
several repeats show Sfilp as an « helix with centrins
wrapped around each repeat and similar centrin—centrin
contacts between each repeat. Electron microscopy (EM)

Introduction

Centrins are a family of EF-hand-containing proteins most
closely related to calmodulins and, like calmodulin, probably
have multiple unrelated functions in association with other
proteins. At present, the best-characterized functions of centrins
are in microtubule organizing centers (MTOCS), such as centro-
somes and basal bodies (Salisbury, 1995), where they are often
present in different parts of the MTOC (Levy et al., 1996;
Stemm-Wolf et al., 2005) and probably have specialized
functions associated with these various locations. Two clear
functions in MTOCs have been established: one is in the dupli-
cation of the MTOC (Byers, 1981b; Middendorp et al., 2000;
Salisbury et al., 2002) and the other is as constituents of fila-
ments within and attached to the MTOC. Some of these fila-
ments can contract in response to changes in Ca>* concentration
(Salisbury et al., 1984). However, the molecular basis for these
centrin-based functions in MTOCS has not yet been established.

Budding yeast has a single simple MTOC, the spindle pole
body (SPB), responsible for the organization of both the spindle
and cytoplasmic microtubules (see diagram in Fig. 7 A). The SPB
is a multilayered structure embedded in the nuclear envelope,
which remains intact during yeast mitosis. Attached to one side
of each SPB is a specialized area of the nuclear envelope called
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shadowing of an Sfilp—centrin complex with 15 Sfil re-
peats and 15 centrins bound showed filaments 60 nm
long, compatible with all the Sfi1 repeats as a continuous
a helix. Immuno-EM localization of the Sfilp N and C
termini showed Sfi1p—centrin filaments spanning the length
of the half-bridge with the Sfilp N terminus at the SPB.
This suggests a model for SPB duplication where the
half-bridge doubles in length by association of the Sfilp
C termini, thereby providing a new Sfilp N terminus to
initiate SPB assembly.

the half-bridge, which has a critical role during SPB duplication
(Adams and Kilmartin, 1999) and is where the single centrin
in budding yeast, Cdc31p, is localized (Spang et al., 1993).
The half-bridge consists of a densely stained rectangular area
of the nuclear membrane together with a cytoplasmic outer layer.
The assembly of cytoplasmic components of the daughter SPB
initiates from a satellite structure at the distal end of the bridge
(Byers, 1981a) and continues to form a duplication plaque on
the cytoplasmic side of the bridge (Adams and Kilmartin, 1999).
The SPB is then inserted into the nuclear envelope, nuclear SPB
components are added, and the two SPBs separate by dissociation
or cleavage of the bridge, leaving a half-bridge with each SPB.
Centrin has an essential function during SPB duplication,
and temperature-sensitive (ts) mutants arrest with a single large
SPB (Byers, 1981b). Centrin binds to three proteins in the half-
bridge, Karlp (Biggins and Rose, 1994; Spang et al., 1995),
Mps3p (Jaspersen et al., 2002), and Sfilp (Kilmartin, 2003).
Karlp and Mps3p have transmembrane domains and are proba-
bly associated with the lipid bilayers of the half-bridge. Sfilp,
which has an essential function during SPB duplication, does not
have a transmembrane domain; however, it has ~20 continuous
conserved repeats in the center of the protein. Five of these
repeats were tested, and four were found to bind centrin in
pull-down assays (Kilmartin, 2003). This suggests a model for
the Sfilp—centrin complex where ~20 molecules of centrin
bind continuously to the repeats on a molecule of Sfilp, possi-
bly producing a filamentous structure. This paper describes
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Figure 1. Sequence analysis of Sfil repeats and structure of the Sfilp-centrin complex. (A) Logos of 454 Sfil repeats from 16 fungi, Chlamydomonas,
Giardia lamblia, Ciona intestinalis, chicken, dog, mouse, and human (see the supplemental text, available at http://www.jcb.org/cgi/content/full /
jcb.200603153/DC1). & marks positions 22 and 30, where there is an usually low content of charged aliphatic amino acids (DEKR; 2.9% at
position 22 and 7.0% at position 30 compared with 29.5% for all positions). Underlined full and dashed lines are for orientation in Figs. 1 and 2.
(B) Frequency of Sfil-repeat lengths. Lengths were measured between the tryptophan positions (position 26). (C) Logos of 21 S. cerevisiae Sfil repeats.
(D) Diagram of S. cerevisiae Sfilp, showing 21 repeats and the positions of constructs used to prepare crystals 1 and 2 and the 15-repeat construct.
(E) Crystal 1. Ribbon diagram of the Sfilp—centrin complex containing two Sfi1 repeats and two centrins at low Ca?" concentration. Conserved resi-
dues in the repeats are shown (positions 10, 18, 23, and 26; panel A). The arrow indicates a bulge and bend in the « helix. Centrin helices are
marked. (F) Crystal 2. Sfilp-centrin complex containing three Sfil repeats (N218-H306) and three centrins with Ca?* bound. Notations are as
explained in E, and Ca?" ions are indicated by red spheres. The end of the third Sfil repeat and parts of the C-terminal domain of centrin E were
indistinct (dotted lines). Coordinates for the two structures have been deposited with the RCSB Protein Data Bank under accession numbers 2GV5

(crystal 1) and 2DOQ (crystal 2).
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structural studies on the Sfilp—centrin complex, its arrangement
on the half-bridge and bridge, and a model for its role during
SPB duplication.

Results

Centrin binding Sfi1 repeats

Sfil repeats that bind centrin have a consensus AX;LLX;F/
LX,W (Kilmartin, 2003). There were only a small number of
sequences available when Sfil repeats were first analyzed, but
since then more sequences have become available and these
show a similar consensus (Fig. 1 A), and there are also biases
in sequence at other positions in the repeat (see Fig. 1 legend
and the supplemental text, available at http://www.jcb.org/cgi/
content/full/jcb.200603153/DC1). Fungi have a variable repeat
length, whereas most repeats in other eukaryotes are 33 amino
acids long (Fig. 1 B). All the complete sequences analyzed in
Fig. 1 have between 20 and 24 continuous repeats. Saccharomyces
cerevisiae Sfilp was originally given only 17 repeats with gaps
(Kilmartin, 2003). These gaps were close to exact multiples of
repeats, and inspection of the gap sequence, particularly when
aligned with other fungal species, has identified potential repeats
in the gaps (Fig. 1, C and D).

An obvious structural model for the Sfil repeats is that
centrin binds to each repeat and, therefore, ~20 centrins are
bound continuously along the repeat region. So, how does the
highly conserved centrin bind to this heterogeneous Sfil se-
quence, particularly in the less conserved N-terminal region

Interactions of centrins with Sfi1 repeats
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Figure 2. Interactions of centrins with Sfi1 repeats. (A-E) Interactions with

centrins A-E plotted as buried area (Collaborative Computational Project,
Number 4, 1994). Light gray bars show interactions with the centrin
N-terminal domain, dark gray with the Cterminal, and intermediate gray
with both; interacting amino acids (within 4.0 A) were identified by Ligplot
(Wallace et al., 1995). Unshaded bars represent buried areas where
Ligplot fails to show residues within 4.0 A. Underlined amino acids are the
conserved positions in the Sfil repeat.

and, in the case of fungi, how does it bind to Sfil sequences
of different length?

Structure of Sfi1lp-centrin complexes
containing two and three Sfi1 repeats

To determine the structure of the Sfilp—centrin complex, we
coexpressed fragments of Sfilp containing two to three repeats
from S. cerevisiae as GST fusion proteins together with yeast
centrin (Cdc31p) in bacteria. All constructs tested gave stable
complexes that could be purified by gel filtration and Q Sepha-
rose chromatography in 1 mM EGTA—containing buffers, con-
firming that the Sfilp—centrin interaction is stable at low Ca**
concentrations (Kilmartin, 2003). One construct (crystal 1; Fig.
1 D) containing two repeats (K643-E710) gave crystals with-
out Ca’* (see Materials and methods) that could be solved at
3.0A (Fig. 1 E, Table S1, and the supplemental text, available at
http://www.jcb.org/cgi/content/full/jcb.200603153/DC1). Another
construct (N218-H306; crystal 2; Fig. 1 D) had three repeats,
was crystallized with 0.1 M calcium acetate, and was solved at
3.2 A (Fig. 1 F, Table S1, and the supplemental text). High Ca>*
concentrations were necessary because concentrations <50 mM
did not give suitable crystals. In these crystals, Ca*" was not
present at positions other than EF-hands, as an anomalous dif-
ference map (see Materials and methods) showed Ca?" only in
EF-hands 1, 3, and 4; EF-hand 2 is probably unable to bind Ca’*
because it lacks essential ligands (Falke et al., 1994).

Both of these crystal structures show the Sfilp fragments
as a helices with centrin in an extended conformation bound
to each repeat. The centrin N-terminal domains bind to the
N-terminal half of the Sfil repeat containing the conserved
alanine, whereas the centrin C-terminal domains bind to the
more conserved C-terminal half of the Sfil repeat (Fig. 2). Parts
of the C-terminal domain of centrin E, and that part of the Sfil
repeat it probably binds to (R295-W304), were not visible in the
electron density map.

One surprising feature of the electron density map was
that the N-terminal ends of all the centrins (S2-P12) were not
visible; the electron density for all the centrins started close to
L13. This extra N-terminal sequence, which is variable in length
and sequence and is before the helical EF-hand domains, is one
of the defining characteristics of centrins that calmodulins lack.
We tested whether this sequence was necessary for yeast centrin
function and found that a construct with a deletion of 14 amino
acids from the N terminus (S2-S15) was able to replace the
wild-type protein in yeast, showing that this N-terminal end
sequence has no essential function in vivo.

Surprisingly, despite the absence of Ca®* in crystal 1 and
the presence of Ca®" in crystal 2, the conformations of the
N- and C-terminal domains of centrins A-E are very similar
(Fig. 3, A and B). The root mean square deviations (rmsd’s) for
a comparison of the main chain of the N-terminal domain
(C, L18-K91) of centrin A with the same domains of centrins B-E
are 0.5,0.7,0.7,and 1.0 A, respectively, and for the C-terminal
domains (C, L95-C158) the rmsd’s are 1.2, 0.5, and 0.3 A
(centrin E was excluded from this comparison). The N-terminal
domain is in the closed conformation, whereas the C-terminal
is open (see the supplemental text). EF-hand proteins such as
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A Centrin N-terminal domains

B Centrin C-terminal domains

Figure 3. Comparison of centrin N- and C-terminal domains and cen-
trin binding sequences. (A) Comparison of N-terminal domains. Centrin
A is green, B is yellow, C is red, D is blue, and E is gray. The bound
Sfilps are in the corresponding colors, and centrin helices I-IV are
marked. Also shown are the amino acids in the conserved position 10
of the Sfil repeat (Fig. 1), except for A285, which is at position 14
(Fig. 2 E). Here, because of the short repeat, centrin E binds to Sfilp
one turn of the helix later and binds to A285 in the same way as A682
and A255. (B) Comparison of C-terminal domains with notation as in A.
Helices IV-VIII are marked, and the amino acids shown are in position
23 of the Sfil repeat. (C) Comparison of Sfilp (red) and Kar1p (purple)

bound to the C-terminal domains of yeast centrin A (green) and

JCB « VOLUME 173 « NUMBER B « 2006

calmodulin in the apo form have closed or semi-open confor-
mations of their N- and C-terminal domains, respectively. On
binding Ca**, the domains open up, exposing hydrophobic sur-
faces that are able to bind other proteins (Swindells and Ikura,
1996). However, in the case of yeast centrin bound to Sfilp, and
despite the rather high Ca** concentration in the crystal, there is
little influence of Ca>* on the conformation.

The conformationally near identical N-terminal domains
interact with the N-terminal part of the Sfilp repeat through
parts of a hydrophobic patch between centrin helices I and II
containing L31, F32, V47, the side chain of K50, and A51.
Centrins A and C interact with bulky residues Y651 and F224
in the alanine position 10 of the Sfil repeat (Fig. 1 A), and
these push the Sfilp helix away from the N-terminal domain
(Fig. 3 A). In contrast, centrins B and D interact with the less
bulky alanines A682 and A255. These allow the Sfilp helix
closer to the N-terminal domains (Fig. 3 A) so that the carbon
atoms of the side chains of residues K685 and R686 (Fig. 2 B)
and F258 and R259 (Fig. 2 D) can interact with a second over-
lapping hydrophobic patch containing A28, L31, A51, and L52.
In addition, R686 and R259 can form a potential salt bridge
with E97. These extra interactions may explain the preference
for alanine at position 10 of the Sfil repeat.

The N-terminal domain of centrin E also interacts with
Sfilp similarly to centrins B and D, but, probably because of the
shorter Sfil repeat, this occurs one turn of the helix further
down. The alanine interaction is now with A285 (Fig. 2 E),
which is in the equivalent interaction position to A682 and A255
(Fig. 3 A), and allows F289 to interact with the second hydro-
phobic patch, similar to the side chain of R686. Unfortunately,
part of the C-terminal domain of centrin E is not visible, but that
part that is visible does make normal interactions with F294
(Fig. 3 B). This centrin has to be in a less extended conforma-
tion to make these interactions, which seems to necessitate a
bend in the Sfilp helix between the N- and C-terminal domains
of centrin E (Fig. 3 B).

The centrin C-terminal domains also have a similar con-
formation and have mainly hydrophobic interactions with Sfilp
(Fig. 2). They interact mainly with the more conserved C-terminal
part of the Sfilp repeat and, as expected, these amino acids
are involved in a large part of the interactions. These interactions
are not described in detail, as they are similar to interactions of
Karlp with the C-terminal domain of Chlamydomonas centrin
(Hu and Chazin, 2003). This domain is very similar to the cen-
trin A C-terminal domain (rmsd 0.9 A) and to the open form
of the calmodulin C-terminal domain (Hu and Chazin, 2003).
However, although the interactions of centrin with Karlp and
Sfilp are similar, the two binding sequences are reversed
(Fig. 3 C). This ability to bind the same motif in reverse has
previously been found for calmodulin (Osawa et al., 1999) and
other helical motifs (Teo et al., 2004).

In conclusion, these results show the N- and C-terminal
domains of centrin as relatively rigid structures, unaffected by

Chlamydomonas centrin (brown). Helices V-VIII are marked, together
with amino acids L1251 and W248 of Karlp (Hu and Chazin, 2003)
and F664 and W667 of Sfilp.



Ca”" when they are bound to Sfilp but able to recognize hetero-
geneous sequences of variable lengths as a helices.

Interactions between the centrins and the
structure of an Sfi1p-centrin filament

One of the most interesting features of the two crystal structures
is that similar centrin—centrin interactions are made (Fig. 4).
These are between the C-terminal domain of one centrin and the
N-terminal domain of the next, with the second centrin rotated
~65° clockwise around the Sfilp helix. These interactions are
mainly potential hydrogen bonds between K58 and the main
chain carbonyls of E139 and D142, a potential salt bridge
between H43 and E140, and hydrophobic interactions between
F141 and H43 and also L62 and L.143 or a potential salt bridge
between R59 and D144. All of these amino acids were mutated
to alanine to determine whether any phenotype was associated
with the loss of these interactions. Earlier studies showed that
the mutation F141A is lethal (Ivanovska and Rose, 2001) and
D142A gave a ts phenotype (Geier et al., 1996). We found
H43A also gave a ts phenotype, but single mutations in the other
amino acids gave no clear phenotype, although the double
mutations H43A, K46A and H43A, K58A were lethal (not all
combinations were tested). These results suggest that some of
these interactions are important, though we cannot exclude
an indirect conformational effect. Several of the amino acids
involved—H43, L62, and F141—are specific to the centrin 3
family (Azimzadeh and Bornens, 2004), suggesting that only
this subfamily can form this particular type of filament in asso-
ciation with Sfilp.

The most obvious model for the structure of the Sfilp-
repeat region based on the two crystal structures solved here is
a filament, with the 20 or so repeats as a single continuous o
helix wrapped with centrins, also in a semiordered helical array.
We assume that all the centrins within Sfilp make the centrin—
centrin interactions described in the previous paragraph, which
sets the angle between adjacent centrins at ~65°. This leads to
a problem because of the geometry of the a helix, where each

Centrin A-B
.

Sfilp

E139 E140

Figure 4.

Centrin C-D

Sfilp

amino acid is rotated by 100° along the helix. Only one repeat
length, 33 amino acids, will rotate the corresponding amino
acids in the next repeat by 60°, close to the correct angle, which
presumably accounts for why this repeat length is favored in
higher eukaryotes (Fig. 1 B). Other repeat lengths spread the
corresponding amino acids at 20° intervals through the circum-
ference of the helix. An example of how other repeat lengths are
accommodated can be seen between centrins A and B and cen-
trins C and D, where the repeats are both 31 amino acids (mea-
sured between the conserved tryptophan positions), predicting
a rotation of 220°. This large angle is compensated for by par-
tially unwinding the Sfilp helix between the repeats in both
cases and probably also by bending this helix and variations
in the linker angles between the centrin N- and C-terminal
domains. There is little unwinding in the Sfilp helix between
centrins D and E, probably because the repeat length here is
26 amino acids, predicting a rotation of 80°, close to the 65°
needed. This shorter repeat is accommodated by the N-terminal
domain interacting with the Sfilp helix one turn later (Fig. 3 A),
putting centrin E into a less extended form and probably bend-
ing the Sfilp helix so that the C-terminal domain can make nor-
mal interactions (Fig. 3 B). This ability of the N-terminal domain
to interact with different « helix turns probably accounts for the
peak distribution of repeat lengths in fungi (Fig. 1 B), which are
separated by distances corresponding to helical turns.

In conclusion, the two crystal structures solved here sug-
gest how a filament of centrin is formed by centrin—centrin
interactions stabilized by an Sfilp « helix, which is subject to
local distortions to allow specific centrin—centrin interactions.

Structure of an Sfi1p-centrin complex
containing 15 repeats

The model for the Sfilp—centrin complex as a single Sfilp
o helix with centrins wrapped continuously around in a helical
arrangement was tested by coexpression of ~15 Sfil repeats
(K246-E677; Fig. 1 D) with yeast centrin (Fig. 5 A). The mo-
lecular mass of this complex was measured by nanospray mass

Centrin D-E

Interactions between centrins A and B, C and D, and D and E when bound to Sfilp. In all the interfaces, H43 forms a possible hydrogen bond

with the main chain carbonyl of E139, and in the A-B and C-D interfaces, also with the main chain carbonyl of D142. H43 forms a possible salt bridge
with E140 in the A-B and D-E interfaces, and there are additional possible salt bridges between R59 and D144 in the C-D and K46 and E140 in the D-E
interfaces. There are potential hydrophobic interactions between the side chains of H43 and F141 in all interfaces and between L62 and L143 in the A-B
and D-E interfaces. There are additional potential hydrophobic interactions between the side chains of K58 and E139 in the A-B interface, H43 and E140
in the C-D interface, and Y42 and L143 in the D-E inferface. When interactions are with the carbonyl only (E139 and D142), the side chain is omitted.
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Figure 5. Analysis of an Sfilp-centrin complex containing 15 repeats.
(A) Coomassie-stained SDS gel of the 15-repeat Sfilp-centrin complex
(Fig. 1 D). (B) Nanospray mass spectrum of the 15-repeat Sfilp-centrin
complex under nondenaturing conditions. The observed charge series cor-
respond fo centrin monomers at low m/z (inset: observed mass, 18,619.3 D;
theoretical mass, 18,619.9 D, with N-terminal methionine removed) and to
1:15 (circles) and 1:14 (triangles) Sf1p-centrin complexes at high m/z
(main panel: observed masses, 336,290 = 191 and 317,308 = 206 D;
theoretical masses, 332,713 and 314,093 D, with excess mass due
to solvent/buffer adduct retention under nondenaturing conditions). The
errors in the observed masses are the standard deviations of the mass
calculated for individual peaks in a series and are mainly due to variation
in the degree of residual solvation of different charge states. The charge
states for the 1:14 complex are omitted for clarity. The ion indicated by the
filled triangle carries a charge of +41. (C) EM shadowing of the 15-repeat
Sfilp—centrin complex. Images were obtained with either 1 mM EGTA or
1 mM CaCly, and the observed average length of the filaments is shown.
Bar, 100 nm.
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spectrometry under nondenaturing conditions and gave a value
of 336,290 D (Fig. 5 B). This is reasonably close to a theoretical
value of 332,713 D for a 1:15 Sfilp—centrin complex, with
retention of ~3.6 kD of buffer molecules in the gas phase ions,
as is often found for large complexes analyzed under conditions
gentle enough to preserve quaternary interactions (Ilag et al.,
2004). A minor component with a mass of 317,308 D was also
observed. This is consistent with a 1:14 stoichiometry (theoreti-
cal mass = 314,093 D), suggesting that partial dissociation is
able to occur in solution.

This complex was examined by EM shadowing (Fig. 5 C)
and showed filaments 59 = 7 nm (n = 74) in 1 mM EGTA and
59 = 8 nm (n = 82) in 2 mM CaCl,. Thus, there was no discern-
able difference in filament length between low and high Ca**.
This is in agreement with the structures (Fig. 1, E and F) solved
from crystal 1 (no Ca*>") and crystal 2 (0.1 M Ca*"), where Ca*"
has little effect on the conformations. If the Sfilp fragment
examined here was a single continuous a helix covered by cen-
trins, then the 432 amino acids in this construct would predict
a length of 65 nm, close to the 59 nm observed.

Arrangement of Sfi1p in the bridge
The bridge structure of the SPB, where Sfilp is localized
(Kilmartin, 2003), has been reported to change in length during
the cell cycle from 90 nm in single SPBs to 150 nm in satellite-
bearing SPBs (Winey et al., 1991); however, the numbers of
cells examined in this study were small because the appropriate
images occur rarely in thin sections. To confirm this change
in length and measure the bridge length in paired SPBs, we
reexamined all of our EM data collected over the years (see
Materials and methods). We found the following lengths: for
half-bridges from single SPBs in haploid (K699) mitotic cells,
57 = 5 nm (n = 20), and for bridges from satellite-bearing and
paired SPBs, 117 = 9 nm (n = 53). The same numbers for
a diploid strain (K842) were 60 = 5 (n = 6) and 112 = 9 nm
(n = 9). There was no significant difference in bridge lengths
between paired SPBs and satellite or duplication plaque-bearing
SPBs. Another diploid strain (NCYC74) gave 109 £ 11 nm
(n = 12) for paired SPBs, and a tetraploid strain (Adams and
Kilmartin, 1999) showed 118 = 9 nm (n = 9) for satellite-bearing
SPBs. These relative distances confirm the differences found
earlier (Winey et al., 1991), though there is a discrepancy in the
absolute value of the numbers that we cannot explain. There
may be some ambiguity in the absolute value of the numbers
because of different fixation conditions; however, it seems prob-
able that differences between the numbers under the same fixa-
tion conditions are valid. The numbers suggest an approximate
doubling in bridge length between single SPBs in mitotic cells
and cells undergoing SPB duplication and indicate that, in con-
trast to SPB size, which increases with ploidy (Byers and Goetsch,
1974), bridge length remains constant as ploidy increases.
When the localization of Sfilp was examined by immuno-
EM in yeast, it was noticed that it appeared to have a restricted
distribution on the bridge: at the distal end of the half-bridge
in single SPBs and in the center of the bridge in paired SPBs
(Kilmartin, 2003). This staining used anti-GFP with Sfilp
labeled with GFP at the C terminus; thus, the staining pattern
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Figure 6. Immuno-EM of Sfilp labeled at the N and C termini with GFP.
(A) Images of a single (left) and paired SPBs (right) of cells containing Sfilp
labeled with GFP at the N terminus and stained with anti-GFP, anti-rabbit
Fab-Nanogold, and silver intensification. cp, central plaque of the SPB;
h-b, half-bridge; b, bridge. Bar, 100 nm. (B) Distribution of silver stain for
stained cells labeled with GFP at the N terminus of Sfilp as above and at
the C terminus as described previously (Kilmartin, 2003). For each image,
the region of staining at the SPB was divided into 10-nm sectors perpendic-
ular to the long axis of the central plaque and along the bridge, starting
from the edge of the central plaque. The presence or absence of staining
in each of these sectors along the SPB and bridge was recorded. The
numbers of SPBs examined in each category was slightly less than the
maximum numbers of sectors occupied.

may reflect the vicinity of the C-terminal region of Sfilp.
We have shown that a fragment of the Sfilp—centrin complex
containing ~15 repeats forms a filament 60 nm long, which
suggests that the full complex containing 21 repeats could be
90 nm long. This is long enough to span the 60-nm half-bridge
with the rest possibly in the central plaque, and it agrees with
the staining of centrin spread along the mainly cytoplasmic side
of the bridge (Spang et al., 1993). To determine whether the
N and C termini of Sfilp are distant from each other, with the
N terminus associated with the edge of the central plaque,
a yeast strain containing Sfilp labeled with GFP at the N terminus
was stained with anti-GFP (Adams and Kilmartin, 1999).
To quantify these observations, these data, together with the
earlier results ( Kilmartin, 2003), were plotted as the presence
or absence of silver deposition for 10-nm sectors along the
SPBs and bridge (note that this would broaden the actual dis-
tribution, as it does not allow for the volume of deposition).
The label itself before silver deposition, rabbit IgG with Fab
anti—rabbit-Nanogold, would span ~20 nm (Ribrioux et al.,
1996). The data (Fig. 6) show a different distribution for the
GFP on the N terminus compared with the C terminus. The
N-terminal label is always close to the junction between the SPB
and the proximal end of the half-bridge or bridge and in paired
SPBs shows two separate sites of localization close to each
SPB. In contrast, the C-terminal label, as found previously
(Kilmartin, 2003), is either close to the distal end of the half-
bridge or close to the center of the bridge in paired SPBs (Fig. 6 B).
The N-terminal label also showed another class of labeling for
single SPBs that appeared to have full bridges (Fig. 6 B,
bottom). These are either SPBs at a very early stage of duplication,
when daughter SPB components start to assemble (Adams
and Kilmartin, 1999), or satellite-bearing SPBs or paired SPBs
where it was not possible to locate a satellite or second SPB in
the serial sections. Here, the mother SPB often had reduced
accessibility to the antibody, hence the difference in peak
heights at the N and C termini. Again, these SPBs show a
bimodal distribution of stain, peaking close to the edge of the
mother SPB and the expected position of new SPB assembly.
The staining with both labels was always cytoplasmic. Our
interpretation of these data is that the N terminus of Sfilp lies
close to the edge of the central plaque and the filamentous
Sfilp—centrin repeats span the length of the half-bridge, ending
with the C terminus of Sfilp at the distal end of the half-bridge.
During duplication, the doubling in the length of the bridge
takes place by the end-to-end addition of another molecule of
Sfilp by association of their C termini, and the N terminus of
this second Sfilp molecule is eventually associated with the
edge of the central plaque of the daughter SPB.

Discussion

Effect of Ca®*

Earlier work showed that, in contrast to the binding of yeast
centrin to Karlp (Geier et al., 1996), Ca** did not appear to be
necessary for the binding between centrin and Sfilp as assayed
by pull downs (Kilmartin, 2003), and this was confirmed here,
as all complexes were prepared in the presence of EGTA.
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Our structures provide a clear reason for this: Ca** does not
appear to change the conformation of centrin when bound to
Sfilp. Very recently, the structure of the N-terminal domain of
Chlamydomonas centrin in the presence of Ca** was solved by
nuclear magnetic resonance (Sheehan et al., 2006). This has a dif-
ferent conformation from our five structures (the rmsd against the
N-terminal domain of centrin A is 2.6 A). Probably the constraints
caused by binding Sfilp and the centrin—centrin interactions pre-
vent the N-terminal domain taking up such a conformation, or
this may reflect the different members of the centrin family (the
Chlamydomonas centrin is a centrin 2, whereas yeast centrin is a
centrin 3). It would be very interesting to examine the recently
discovered Chlamydomonas centrin 3 (Ruiz et al., 2005).

The lack of a significant effect of Ca** on the yeast centrin—
Sfilp interaction may reflect the fact that there is so far little
evidence for a role of Ca®* in the yeast cell cycle (Davis, 1995).
The only increase in cytosolic Ca** concentration that has been
detected in budding yeast under laboratory conditions is after
mating pheromone treatment (lida et al., 1990), and indeed yeast
calmodulin is able to perform all its essential functions in the ab-
sence of Ca®* binding (Geiser et al., 1991). In higher eukaryotes,
Ca®* transients have been detected during the cell cycle (Kahl
and Means, 2003), and we found that stabilization of several
human Sfil-centrin 3 complexes containing three repeats re-
quired the presence of Ca*" to remain intact on ion exchange
chromatography (unpublished data). Thus, Ca** may play more
of a role in Sfil—centrin interactions in higher eukaryotes.

Mutations in budding yeast centrin

An extensive study of yeast centrin has been performed
to identify mutations that cause a ts phenotype or lethality
(Ivanovska and Rose, 2001) and thus may destabilize the
structure or an interaction. A total of 40 mutants were isolated
in this screen and in an earlier study (Vallen et al., 1994). For
33 of these, we can explain their effect by either altering
a particularly conserved position in the EF-hand (Falke et al.,
1994) or changing a core residue in centrin or a residue in-
volved in the interaction between centrin and Sfilp (E97G,
A101T, F105L or Y, and C158F). Of the remainder, four
(K112E, D144N, E148A, and E148Q) are within the EF-
hands and should be acceptable substitutions (Falke et al.,
1994), though they may perturb the relationships between the
adjacent helices within an EF-hand. One mutation (R73W)
places a hydrophobic tryptophan on the surface, and the final
two (K91R and P94S) are in the linker region. P94 is con-
served in all centrin 3 sequences (Azimzadeh and Bornens,
2004), whereas in calmodulins and other centrins it is re-
placed by S or T. With S or T in place of P94, helices IV and
V can be continuous, as they are in Ca**-calmodulin. The
presence of the helix-breaker P94 between these two helices
ensures they are always separate and may give additional flex-
ibility to the linker. We cannot explain structurally why K91R
gives a ts phenotype, as this is a surface residue with no inter-
actions; however, this is one of the substitutions that causes
a large decrease in Kiclp kinase activity (Ivanovska and Rose,
2001) and thus may perturb the binding between centrin and
Kiclp (Sullivan et al., 1998).
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Figure 7. Diagram of single and paired SPBs and a model for the initia-
tion of SPB duplication. (A) Diagram of single and paired SPBs showing
the location of half-bridge and bridge components. (B) A model of Sfilp-
centrin filaments associated side-by-side. Centrins have a 65° twist along
Sfilp and are shown as spheres or semispheres with filled and unfilled
ovals as interaction patches, where filled patches interact with unfilled
patches. Arrowheads show centrins interacting between filaments, assum-
ing interactions occur within 15° of a total twist of 0° or 180°. (C) A model
for the initial step in SPB duplication, viewed from above the SPB. We pro-
pose that the Sfilp N terminus binds SPB components, whereas the C ter-
mini can associate end-to-end in an antiparallel way with or without other
proteins. This provides a fresh Sfilp N terminus capable of binding SPB
components and thereby initiating SPB assembly.

Comparison with 1Q repeats

Perhaps the most similar structure to the Sfilp—centrin filament
are the IQ repeats in myosin, which bind either calmodulin or
myosin light chains, sometimes in the absence of Ca’* (Bahler
and Rhoads, 2002). These might be a lever arm that amplifies
the movement of the myosin heavy chain along the actin
filament. The structures of several of these have been solved
and, like Sfilp, all show the IQ repeats as an a helix but also
with some distortions. In scallop myosin, the helix is bent be-
tween the two light chains, and toward the C terminus it is dis-
torted into a right angle (Houdusse and Cohen, 1996). The light
chains are less extended along the helix than centrin, they stabi-
lize ~20 residues, compared with 25-33 for centrin, and are in
the opposite orientation to centrin. Both light chains make di-
rect interactions with each other, but these are different from the
centrin—centrin interactions found here. Myosin V has up to six
continuous IQ repeats, and the structure of two of these has



recently been solved. The structure is similar to that of scallop
myosin but shows no direct interactions between the light chains
(Terrak et al., 2005).

These structures and the two in this paper show that by
imposition of kinks, bends, and bulges in an a helix, EF-hand
proteins build a filament using a long « helix as a scaffold.
It is not yet clear what the particular properties of these different
types of filament are, though this type of arrangement is an
attractive model (Kilmartin, 2003; Salisbury, 2004) for Ca’*-
dependent contractile organelles such as the spasmoneme
(Amos, 1975) and centrin-containing striated flagellar roots
(Salisbury et al., 1984).

Structural role of Sfi1p in SPB duplication
The immuno-EM staining of Sfilp at both the N terminus
(Fig. 6 A) and C terminus (Kilmartin, 2003) shows only cyto-
plasmic staining, so it seems likely that Sfilp, which has no
transmembrane domain, either is positioned just above the
densely stained outer nuclear membrane of the bridge or is
a constituent of the cytoplasmic half-bridge outer layer (Fig. 7 A).
This location suggests that a potential role in the elasticity of
the bridge during assembly of the daughter SPB (Adams and
Kilmartin, 1999; Kilmartin, 2003) is less likely and, indeed, if
Sfilp is part of the outer layer, then its length would not change
during SPB duplication (Adams and Kilmartin, 1999), and this
would be more consistent with the structural work presented
here. The cytoplasmic part of the bridge is a flat rectangular
structure (see plate 5 in Byers [1981a]), and our immuno-EM
results suggest that Sfilp is positioned across this structure with
the N-terminal domain associated with the side of the SPB, the
filamentous Sfil repeats and centrin laid in rows across the rect-
angle with the C-terminal domain at the distal end of the half-
bridge (Fig. 7 C). The bridge, which is twice the length, would
have the Sfilp C-terminal domains associated, thus connecting
the two SPBs.

The flat shape of the bridge suggests that there is only one
or very few layers of Sfilp—centrin filaments. If this is the case,
our crystal structures suggest that there are unlikely to be exten-
sive similar side-to-side interactions between the centrin-coated
Sfilp filaments because of the 65° twist in the centrin positions
along the Sfilp o helix (Fig. 7 B). This arrangement would
resemble a Venetian blind with the slats held together at wide
intervals, and the positions of the intervals would depend on
the twist between each centrin. This relative lack of side-to-side
interactions could explain how both microtubules and Sfilp
filaments are accommodated at the bridge at the same time.
Microtubule assembly is initiated at the bridge during G,/S
(Byers and Goetsch, 1975) and involves Karlp, a transmembrane
protein localized to the cytoplasmic side of the bridge (Spang
et al., 1995), which binds the y-tubulin—containing Tub4p com-
plex via Spc72p (Pereira et al., 1999) and initiates microtubule
assembly. Thus, these microtubules are anchored close to the
outer nuclear membrane and might have to pass through cyto-
plasmic bridge components. If the Sfilp filaments were orga-
nized like a venetian blind with widely spaced linkages between
the filaments, then with some adjustments in filament position,
microtubules could be accommodated between the filaments.

The suggested arrangement of Sfilp on the half-bridge
and bridge (Fig. 7 C) extends the earlier model for SPB dupli-
cation (Adams and Kilmartin, 1999), which proposed that the
bridge had the property of binding cytoplasmic SPB compo-
nents at either end. We extend this and propose that it is the
N terminus of Sfilp that either directly or indirectly binds the
SPB components. An early step in SPB duplication would be
the end-to-end association of Sfilp at the C terminus, which
might have to be activated at the appropriate point in the cell
cycle or bind other proteins. This association would double the
length of the bridge and provide a new N terminus of Sfilp able
to bind SPB components and thus start the assembly of the new
SPB. The specificity of the association of the two C termini and
the binding of the N terminus to SPB components would ensure
that only a single copy of the SPB is produced. After assembly,
the two SPBs would separate to form a spindle by dissociation
of the connection between the C termini of Sfilp.

Materials and methods

Protein expression and crystallization
Fragments of Sfi1p containing between 2 and 15 repeats were cloned as
GST fusion proteins into the dicistronic vector pGEX-6p-2rbs (a gift from
A. Musacchio, European Institute of Oncology, Milan, ltaly) with yeast cen-
trin (Cdc31p) in the non-GST site. All constructs produced soluble protein
at 25°C, in contrast to expression of Sfilp alone (Kilmartin, 2003), which
only gave soluble GST fusion proteins in the presence of sarkosyl. These
bound to glutathione beads but could not be eluted with glutathione.
Complexes were isolated with glutathione beads, GST was removed, and
the complex was released by PreScission cleavage. Further purification was
by gel filtration on Superdex 200 in 10 mM Tris-Cl, pH 8.0, 0.15 M NaCl,
1 mM DTT, and T mM EGTA and then ion exchange chromatography on Q
Sepharose using a 0.3-0.43 M NaCl gradient in the same buffer.
Crystals of first wild type and then selenomethionine-substituted pro-
tein (Teo et al., 2004) were obtained by sitting drop vapor diffusion at 4°C.
The reservoir solutions contained 0.2 M sodium acetate, 18% polyethylene
glycol 3350 (crystal 1), or 9% isopropanol, 0.1 M MES, pH 6.2, and
0.2 M calcium acetate (crystal 2). Drops contained 5 ul protein (20 mg/ml
in 20 mM Tris-Cl, pH 8.0, 1 mM DTT, and T mM EGTA) mixed with 5 pl of
the reservoir buffer.

Ca”* measurements

Some electron density was present in the Ca?* position in EF-hand 1, 3, and
4 of both centrins in crystal 1. This is probably water and not Ca?* because
refinement as Ca?* resulted in a much higher average B factor than the aver-
age residue and the Ca?* content of the protein and crystals is very low. This
was measured by inductively coupled optical emission spectrometry and
gave an EF-hand occupancy of around 1%, assuming three active EF-hands/
centrin. In addition, fo detect Ca?" ions directly in both crystals 1 and 2,
diffraction data were collected from crystals at a longer wavelength
(\ = 1.74 A) for crystal 1 at Beamline ID23 ESRF (Grenoble) or in-house at
CuK, (A = 1.54 A) for crystal 2. An anomalous difference map was calcu-
lated using phases from the refined model. This showed no detectable Ca?*
in the EF-hands or elsewhere in crystal 1 and after refinement showed Ca?*
only at EF-hands 1, 3, and 4 in crystal 2 grown at high Ca?* concentration.

S. cerevisiae strains

S. cerevisiae strains and yeast vectors were used as before (Kilmartin,
2003). Mutants in yeast centrin, CDC31, were prepared by QuikChange
mutagenesis, confirmed by sequencing, and transferred to pRS314. These
replaced the wildtype gene by plasmid shuffle, and if the strains were via-
ble, PCR and sequencing were used to check that the mutation was retained.
A strain containing Sfi1p labeled with GFP at the N terminus was prepared
by insertion of an Ncol site and then GFP into SFI1, integration of a single
copy at the TRPT locus, and plasmid shuffle to remove the wild-type gene.

Nanospray mass spectrometry
Nanospray mass spectrometry was performed using modified instru-
ment technology, involving increased pressures and reduced quadrupole
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frequencies to assist in the analysis of high m/z ions (Sobott et al., 2002),
incorporated into a Q-Star XL instrument (MDS Sciex; Chernushevich and
Thomson, 2004). Protein samples were transferred into 0.1 M ammonium
acefate, pH 7.0, using three successive Bio-spin 6 columns (Bio-Rad
Laboratories). Nanospray capillaries were prepared as described previously
(Sobott and Robinson, 2004). Desolvation of high m/z ions was assisted
by “collisional cleaning” using argon gas in the instrument’s collision cell.
The observed ion series were assigned manually and were consistent with
a 1:15 (major component) and 1:14 (minor component) Sfilp-centrin
complex. Higher energy collision-induced dissociation experiments, either in
“normal” mass spectrometry mode or by tandem mass spectrometry, caused
the ejection of a single centrin monomer from the complex, to give 1:14 and
1:13 “stripped oligomers,” supporting the assigned parent ion sfoichiometry.

EM

Immuno-EM and EM shadowing were done as before (Kilmartin et al.,
1993; Adams and Kilmartin, 1999). In thin-section EM, bridge length was
measured as the distance between the edge of the central plaques to the
edge of the second central plaque or satellite or duplication plaque.
Half-bridge length was measured from the edge of the central plaque to
the end of the electron-dense nuclear membrane or cytoplasmic outer
layer. Half-bridge and bridge length between paired SPBs was measured
from log phase cells, and other measurements were from o factor-blocked
or —released cells. EM photographic negatives were digitized and trans-
ferred to Photoshop 7.0 (Adobe).

Online supplemental material

Table ST shows the MAD data collection, phasing, and refinement
statistics. The supplemental text gives the GenBank identifiers of the se-
quences used in the analysis of Sfi1 repeats, describes the methods used
in the refinement of the crystal structure, and gives the interhelical angles
for the closed and open N- and Cerminal domains of centrin. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full /jcb.200603153/DC1.
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