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it causes cells to become more resistant to the
micromanipulations involved in the pedigree anal-
ysis (Fig. 4, B and C). Thus, a transient induction
of NDT80 is sufficient to extend the life span of
replicatively aged cells.

To address how transient induction of Ndt80
extends RLS, we monitored age-dependent cel-
lular changes after NDT80 induction. Neither
ERCs nor Hsp104-eGFP aggregates were re-
duced after NDT80 induction, although it is pos-
sible that they were reduced at later time points
(fig. S8, A and B). Furthermore, NDT80 expres-
sion extended life span in the absence of the au-
tophagy gene ATG1 (fig. S8C). Together these
findings suggest that life-span extension can oc-
cur in the absence of ERC and Hsp104-aggregate
elimination. Although ERCs and Hsp104-eGFP
aggregates were not affected by transient NDT80
expression, nucleolar morphology was. The per-
centage of aged cells with enlarged nucleolar mor-
phology decreased after NDT80 induction (Fig. 4,
D and E, and fig. S8D). Thus, transient induction
of NDT80 causes a change in nucleolar and/or
rDNA structure, which reverts to a state that re-
sembles the morphology of young cells.

We do not yet know whether NDT80- and
sporulation-induced RLS resetting use the same
mechanism(s). The findings that NDT80 is nec-
essary for life-span extension during sporulation
and sufficient for life-span extension during veg-
etative growth and that nucleolar morphology is
altered under both circumstances suggest that at
least some processes are shared. Irrespective of
the relation between NDT80- and sporulation-
induced RLS resetting, we note that resetting of
RLS provides an opportunity to dissect the mo-
lecular causes of aging. For instance, elimination

of Hsp104 aggregates and ERCs seem unlikely
to be required for NDT80-dependent life-span
extension, but changes in nucleolar function and/or
structure may be important. Intriguingly, rDNA
instability and not ERCs per se appear to cause
aging in yeast (23), and budding yeast cells elim-
inate most of the nucleolar material during spore
packaging (24).

It will be interesting to investigate whether our
findings extend to other species. In Caenorhabditis
elegans, a number of longevity mutants exhibit
a soma-to-germline transformation that contrib-
utes to their enhanced survival (25). In mice, re-
introduction of telomerase rescues the age-related
phenotypes of telomerase-deficient mice (26),
which suggests that age-dependent cellular dam-
age can be repaired. Our studies suggest that a
transient induction of the gametogenesis program
in somatic cells removes age-dependent cellular
damage and extends life span. Determining how
gametogenesis causes the resetting of life span
will provide insights into the mechanisms of
aging and could facilitate the development of
strategies for longevity.
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A Cell Cycle Phosphoproteome
of the Yeast Centrosome
Jamie M. Keck,1* Michele H. Jones,1* Catherine C. L. Wong,2 Jonathan Binkley,3 Daici Chen,4

Sue L. Jaspersen,5,6 Eric P. Holinger,1 Tao Xu,2 Mario Niepel,7 Michael P. Rout,8 Jackie Vogel,4

Arend Sidow,3 John R. Yates III,2 Mark Winey1†

Centrosomes organize the bipolar mitotic spindle, and centrosomal defects cause chromosome
instability. Protein phosphorylation modulates centrosome function, and we provide a comprehensive
map of phosphorylation on intact yeast centrosomes (18 proteins). Mass spectrometry was used to
identify 297 phosphorylation sites on centrosomes from different cell cycle stages. We observed
different modes of phosphoregulation via specific protein kinases, phosphorylation site clustering,
and conserved phosphorylated residues. Mutating all eight cyclin-dependent kinase (Cdk)–directed
sites within the core component, Spc42, resulted in lethality and reduced centrosomal assembly.
Alternatively, mutation of one conserved Cdk site within g-tubulin (Tub4-S360D) caused mitotic delay
and aberrant anaphase spindle elongation. Our work establishes the extent and complexity of
this prominent posttranslational modification in centrosome biology and provides specific
examples of phosphorylation control in centrosome function.

Phosphorylation is a reversible posttransla-
tional modification that regulates most cel-
lular processes, including the duplication

of centrosomes to form themitotic spindle, which
functions in chromosome segregation. Protein ki-

nases, such as cyclin-dependent kinase Cdk1
(Cdc28), Mps1, and Polo kinase (Cdc5) (1, 2),
phosphorylate the centrosome, known in yeast
as the spindle pole body (SPB; Fig. 1A). The 18
centrosomal proteins (10 have human homologs;

Figs. 1B and 2) can be organized into five func-
tional subcomplexes (1): the g-tubulin complex
(Tub4, Spc98, and Spc97), which nucleates mi-
crotubules; the central core (Nud1, Spc42, Spc29,
and Cnm67), which form the organelle’s structural
foundation and precursor; the linker proteins con-
necting the core and g-tubulin complexes; the
membrane anchors; and the half-bridge compo-
nents, where assembly begins. Previous studies
examined phosphorylation of these components
individually or within whole cell preparations
(database S1, column 3). In contrast, we performed

1Department of Molecular, Cellular, and Developmental Biol-
ogy, UCB 347, University of Colorado, Boulder, CO 80309,
USA. 2Department of Chemical Physiology, Scripps Research
Institute, La Jolla, CA 92037, USA. 3Departments of Pathology
and Genetics, Stanford University School of Medicine, Stanford,
CA 94305, USA. 4Department of Biology, McGill University,
Montreal, Quebec H3G 0B1, Canada. 5Stowers Institute for
Medical Research, Kansas City, MO 64110, USA. 6Department
of Molecular and Integrative Physiology, University of Kansas
Medical Center, Kansas City, KS 66160, USA. 7Department of
Systems Biology, Harvard Medical School, Boston, MA 02115,
USA. 8Laboratory of Cellular and Structural Biology, Rockefeller
University, 1230 York Avenue, New York, NY 10065, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
mark.winey@colorado.edu

www.sciencemag.org SCIENCE VOL 332 24 JUNE 2011 1557

REPORTS

 o
n 

Ju
ne

 2
3,

 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


a comprehensive analysis of phosphorylation on
enriched, intact centrosomes.

Centrosomal complexes were isolated from
yeast cells by using amodified affinity purification
(3) (fig. S1A), and copurifying proteins were an-
alyzed by solution digest and mass spectrometry
(MS). Phosphopeptides were enrichedwith a metal
affinity column, processed by liquid chromatog-

raphy tandem mass spectrometry (LC MS/MS)
on an LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA), and identified
with SEQUESTand DTASelect2 programs (4).
DeBunker (5) and Ascore (6) programs were
used to further validate phosphopeptides and
phosphorylation assignments, respectively (data-
base S2). Peptides from all 18 proteins were

identified, with extensive peptide coverage for
most proteins (Fig. 2). The centrosomal prepara-
tions (fig. S1B) were highly phosphorylated (fig.
S1C), as observed byMS analysis (www.yeastrc.
org/pdr/pages/front.jsp; search by protein name).
In total, 297 phosphorylation events weremapped
on 17 of the 18 yeast centrosomal proteins, of
which 227 have not been previously reported.

BA Spc42-GFP
α-tubulin
DAPI

Central Core

Linkers

γγ-Tubulin
Complex

Membrane 
Anchor

Nuclear Envelope

Half Bridge

MTs

Satellite (precursor)

Fig. 1. Yeast centrosomes form the poles of the mitotic spindle and are
composed of five subcomplexes. (A) Immunofluoresence (left) of a large-
budded mitotic yeast cell showing centrosomes marked by Spc42–green
fluorescent protein (GFP) (green), microtubules (red), and DNA (blue), and

electron micrograph (right) showing trilaminar ultrastructure. Scale bar
indicates 100 nm. [Credit: Eileen O’Toole, University of Colorado, Boulder]
(B) Schematic of the five major functional centrosome subcomplexes. MT
indicates microtubule.

Fig. 2. Phosphoproteomic analysis of enriched Sacchromyces
cerevisiae centrosomes organized by centrosome complexes.
Total sites indicates all phosphorylation sites found within all
asynchronous, mitotic, and G1 preparations; numbers in
parentheses are ambiguous assignments (databases S1 and
S2); S/T(P) sites, potential Cdk1 sites; Y sites, tyrosine phospho-
rylation sites; Coverage, % of the total protein sequence re-
covered as peptides from mass spectrometry analyses of all
centrosome preparations; and human homologs are indicated
if applicable. Check marks indicate proteins that are known
in vivo or in vitro substrates of Cdk1, Mps1, or Cdc5 kinases
(references in fig. S4); dash entries, not observed; asterisks,
homologous domains.

Centrosome
Proteins

Total 
Sites

S/T (P) 
Sites

Y 
Sites

Coverage Cdk
Kinase

Mps1
Kinase

Cdc5
Kinase

Human 
Homologs

γ-Tubulin Complex
Tub4 8 (1) 1 2 85% - - TUBG1

Spc98 9 2 2 65% - TUBGCP3

Spc97 5 (1) 0 1 54% - - - TUBGCP2

Linkers
Spc110 31 3 3 96% - Kendrin

Spc72 19 (2) 3 0 92% - - TACC*

Cmd1 7 (1) 0 0 91% - - - Calmodulin

Core and Satellite
Nud1 52 (2) 5 1 91% - Centriolin

Spc42 31 (1) 6 3 96% -

Spc29 32 (2) 4 0 100% -

Cnm67 22 6 3 100% - -

Half Bridge 
Kar1 7 (1) 2 0 63% - - -

Sfi1 11 4 0 42% - - HSfi1

Cdc31 4 0 0 98% - - Centrin3

Mps3 0 0 0 7% - - - SUN domain*

*

Membrane Anchor
Nbp1 27 6 5 90% - -

Bbp1 20 3 2 85% - -

Mps2 11 4 0 75% - -

Ndc1 1 0 0 24% - - -

TOTAL: 297 (11) 49 22
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Among these are 49 potential Cdk1 sites [S/T-P,
serine or threonine followed by proline, 5 are
confirmed as Cdk sites (7)] and 22 tyrosines (Fig.
2). Combining data from this study (297 sites)
and previous studies (29 sites), a total of 326
phosphorylation sites are now identified on the
yeast centrosome (database S1).

Because phosphorylation regulates cell cycle
events (8), including centrosome duplication and
mitotic spindle formation, we explored phospho-
rylation profile differences between centrosomes
in cell cycle–arrested cells versus those growing
asynchronously. Cells were arrested at an early step
of centrosome duplication in late G1 phase with
a-factor treatment or in mitosis after centrosome
duplication and separation by depletion of the
anaphase-promoting complex (APC) activator
Cdc20 (fig. S2A). We detected 54 sites that were
phosphorylated only in G1, 110 sites that were
phosphorylated only in mitosis, and 68 sites phos-
phorylated in both phases (Fig. 3, fig. S2B, and
database S1). The latter 68 sites are likely to be
constitutively phosphorylated (because 61 were
also found in asynchronous preparations). Of all
the subcomplexes, the central core contained the

largest number of sites (46% of the total, Fig. 2)
and also the highest percentage of all shared sites
(72%) (fig. S2C). The 29 mitotic sites on Nud1
may affect its subsequent role in recruitment of
cell cycle regulatory proteins required for mitotic
exit (9). In contrast to the central core, the g-tubulin
complex, linkers, and half-bridge have few con-
stitutive sites and a large number of sites phos-
phorylated in mitosis.

Analysis of phosphorylated residues that are
likely within binding sites or targets of specific
kinases showed distinct cell cycle patterns. For
example, the majority of sites within Polo (Cdc5)
binding motifs (fig. S3A) were observed in mi-
tosis when its activity peaks (10). Cell cycle–
specific phosphorylation was also observed in
21 of 22 tyrosine sites. In contrast, over half (27
of 49) of the potential Cdk consensus sites were
phosphorylated throughout the cell cycle. The
constitutive Cdk phosphorylation in Spc42 ap-
peared to be essential, because mutating the Cdk
motifs to nonphosphorylatable residues [8 sites
out of 32 total phosphorylation sites in Spc42
(fig. S3B)] was lethal. The lethality may result, in
part, from the decrease in Spc42 assembly into the

centrosome (Fig. 4A). Furthermore, phosphoryl-
ation of these Cdk sites is critical for overall Spc42
phosphorylation, because phosphate incorpora-
tion decreased in the Spc42-8A mutant by 93%
compared with the wild type (WT) (Fig. 4B).

Twelve centrosomal proteins are known sub-
strates of Cdk1 or Mps1 (Fig. 2 and fig. S4A).
We performed kinase reactions in vitro with either
Cdk1 or Mps1 on our centrosome preparations
and identified potential centrosomal substrates
by in-gel digestion and MS analysis (fig. S4B).
We observed kinase specificity on centrosomal
substrates by distinct phosphorylation banding
patterns, confirmed several substrates, and iden-
tified possible new substrates (Spc72 andCnm67)
for Mps1 and Cdk1, respectively.

Clustering of phosphorylation sites is a rare
event that creates a charged region, which can
affect protein interactions and contribute to struc-
tural integrity (11). A study of yeast Cdk phos-
phorylation showed that a cluster of sites, rather
than individual residues, can be evolutionarily
conserved (7). Clustering was prominent within
our centrosomal phosphoproteome, with 174 of
the 297 mapped sites clustered in seven proteins
[fig. S5, ≥5 sites within 50 residues (4)]. Twenty-
nine of the 49 Cdk consensus sites were included
within these clustered regions. The importance of
phosphorylation site clustering is exemplified by
analysis of the N terminus of Spc110, which
interacts with Spc97 to stabilize the g-tubulin
complex (12, 13). Mutating even 2 out of the 18
phosphorylation sites in this region (fig. S5) is
lethal when combinedwith spc97mutations (14).

Individual residues that are functionally and
structurally important are also conserved through
evolution (15, 16).We therefore examined fungal
orthologs of centrosomal proteins to determine
evolutionary constraint values [measured by po-
sitional conservation (17, 18)] for the 297 sites
and also regional conservation throughout the
proteins [fig. S6; see Fig. 5, A andB, for g-tubulin
(Tub4)]. This analysis identified 59 highly con-
strained sites in 13 proteins (>80% conserved) and
14 fully conserved residues in 8 proteins (fig. S7,
A andB), of which three sites, Tub4-Y445, Spc29-
T18, and Spc29-T240 (19), are essential for cen-
trosome function (20–22). Fourteen sites from this
study are conserved in human centrosomal pro-
teins (fig. S7C).

The phosphorylated residue, S360 (19), with-
in g-tubulin (Tub4) (fig. S8A) is fully conserved
in fungi (Fig. 5B and fig. S6) and in humans (fig.
S8B). g-Tubulin is part of an evolutionarily con-
served complex (g-tubulin small complex, g-tuSC)
that nucleates microtubules for chromosome seg-
regation. Phosphorylation of g-tubulin has been
shown to promote centrosome duplication and
microtubule assembly (20, 23). Tub4-S360 lies
within a Cdk motif and is phosphorylated by
Cdk1 in vitro (fig. S8, C and D). This site is lo-
cated within a surface loop available for protein-
protein interactions, as viewed in the g-tubulin
crystal structure (Fig. 5C, star). Furthermore,
structural analysis using cryo-electronmicroscopy

Centrosome 
Proteins

Total 
Asynch

Unique 
Asynch

Total
G1

Unique 
G1

Total 
Mitotic

Unique 
Mitotic 

Shared 
G1/M

γ-TubulinComplex
Tub4 0 0 2 2 6 6 0
Spc98 3 3 3 2 4 3 1
Spc97 0 0 3 3 2 2 0

Linkers
Spc110 16 6 14 9 16 11 5
Spc72 5 2 2 2 15 15 0
Cmd1 4 4 1 1 2 2 0

Core and Satellite
Nud1 27 10 13 2 40 29 11
Spc42 25 1 20 3 27 10 17
Spc29 26 8 18 8 16 6 10
Cnm67 16 2 15 4 16 5 11

Half Bridge 
Kar1 6 3 0 0 4 4 0
Sfi1 7 4 2 2 5 5 0
Cdc31 3 2 1 0 2 1 1
Mps3 0 0 0 0 0 0 0

Membrane Anchor
Nbp1 20 10 12 7 10 5 5
Bbp1 12 4 12 6 10 4 6
Mps2 9 6 4 3 2 1 1
Ndc1 1 0 0 0 1 1 0

TOTAL: 180 65 122 54 178 110 68

Fig. 3. S. cerevisiae centrosome phosphorylation is dynamic during the cell cycle and is enriched in
mitosis. Total Asynch, all sites found in asynchronous preparations or Unique, only in Asynch; Total G1, all
sites found in G1 preparations or Unique in G1 (not in mitotic preparations); Total Mitotic, all sites found
in mitotic preparations or Unique in mitotic (not in G1 preparations); Shared G1/M, sites found in mitotic
and G1 preparations.
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of the yeast g-tubulin complex places this loop
directly between Spc98 and Spc97 (13). There-
fore, wemutated S360 to either a nonphosphoryl-
atable alanine (A) or an aspartic/glutamic acid

(D or E) to mimic constitutive phosphorylation.
The tub4-S360A allele did not affect growth; how-
ever, tub4-S360D and tub4-S360E caused growth
defects at 25°C and mitotic arrest resulting in cell

death upon shift to a higher temperature (37°C)
(fig. S9, A to C). Also, tub4-S360Dwas lethal in
combination with mutations in SPC98 (spc98-2),
by deletion of the spindle checkpoint geneMAD2

Spc42-GFP Spc42-8A-GFP

0 1 0.07 Relative 32P

A
α -GFP

32P

B GFP WT 8A

Fig. 4. Effect of mutating all Cdk sites within the core protein, Spc42. (A)
Incorporation of Spc42-GFP and Spc42-8A-GFP into the two centrosomes,
analyzed by fluorescence microscopy (n = 200). Phase microscopy images
show large-budded mitotic cells. Scale bar, 5 mm. (B) Relative 32P incor-

poration into GFP, Spc42-GFP (WT), and Spc42-8A-GFP (8A) proteins upon
protein induction in yeast cells shown by anti-GFP Western blot (top) and
autoradiograph (bottom). Quantified by phosphorimager (below) and nor-
malized to a-GFP signal, n = 3.

Fig. 5. Conservation and location of the g-tubulin (Tub4) S360 residue
and phenotype of the phosphomimetic, Tub4-S360D. (A) g-Tubulin
(Tub4) regional evolutionary constraint among fungi (20 amino acid
sliding regions). Red dots represent phosphorylation sites identified in
this study. Y axis, constraint; a value of 1 is fully conserved. X axis, amino
acid position; purple lines, P-Fam domains (GTP binding and C-terminal
domains). (B) Positional constraint histogram for amino acids 341 to 379

(19) within g-tubulin (Tub4). Red columns are phosphorylated residues; star marks S360. Y axis, constraint; 1 is fully conserved. X axis, protein sequence. (C)
Comparative model of yeast Tub4, generated by PyMOL (www.pymol.org), threaded onto the x-ray crystallographic structure of human g-tubulin (4). Star
marks position of Tub4-S360 in an exposed loop, expanded in inset and compared with human S364. (D) Immunofluorescence of mitotic spindles from WT
and tub4-S360D cells at 25°C and 37°C. Centrosomes (Spc42-GFP, green), microtubules (anti–a-tubulin, red), and DNA [4´,6´-diamidino-2-phenylindole
(DAPI), blue] are shown. % indicates the percentage of cells with shown spindle structure, n = 200 cells for each. Scale bar, 1.5 mm. (E) Live cell analysis of
spindle length for WT and tub4-S360D cells at 25°C. Centrosomes labeled by Spc42-CFP (cyan fluorescent protein). Each time step is 20 s. Spindle length (mm)
measured by mother and daughter pole displacement (4). Spindle lengths are shown in black (metaphase), green (fast anaphase), and red (slow anaphase) and are
representative for WT (n = 17) and tub4-S360D (n = 18) strains. Green hashed line is mean transition length, and green shaded shows standard deviation.
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(mad2∆) that allows for correction of mitotic de-
fects, and by deletion of the EB1 homolog BIM1
(bim1∆), which is involved in microtubule dy-
namics (fig. S9A).

These genetic interactions suggested that
tub4-S360D cells had defects in mitotic spindle
assembly, which we analyzed by immunofluo-
rescence microscopy and live cell imaging. At
25°C the majority (66%) of spindles in tub4-
S360D large-budded mitotic cells had not ex-
tended past metaphase length [~1.5 mm (24)],
whereas WT cells (91%) had normal elongated
anaphase spindles [6 to 10 mm (24)] (Fig. 5D,
25°C). This phenotype was exacerbated at 37°C,
with 98% of tub4-S360D cells containing either
adjacent or unresolvable spindle poles (54%) or
metaphase-length spindles (44%) (Fig. 5D),
compared with WT cells (89% normal anaphase
spindles). Live cell analysis of microtubules in
tub4-S360D cells grown at 25°C revealed that
spindles persisted longer in the fast phase (25)
of anaphase spindle elongation (Fig. 5E, green
lines), resulting in a transition to the slow phase
(25) with longer anaphase spindles [6.6 mm T
1.5 (SEM)] than WT cells [4.1 mm T 0.4 (SEM);
P < 0.001] (Fig. 5E, dashed green lines). In ad-
dition, large spindle length fluctuations were ob-
served in tub4-S360D cells before anaphase (Fig.
5E, black lines; quantified in fig. S10) and in the
slow phase of anaphase (Fig. 5E, red lines). Thus,
phosphorylation of a single Cdk site in g-tubulin
appears to contribute to proper dynamics of ana-
phase spindle microtubules.

Phosphoregulation of the centrosome is likely
to be conserved, not only with respect to the pro-
tein kinases but also through specific residues in
the respective human homologs. Illustrated by our
analysis of g-tubulin and Spc42, the conserved
residues and phosphorylation patterns in yeast
will be useful tools for studying the human cen-
trosome, a much larger (>100 proteins) and more
complicated microtubule organizing center.
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Mutagenic Processing of
Ribonucleotides in DNA by
Yeast Topoisomerase I
Nayun Kim,1 Shar-yin N. Huang,2 Jessica S. Williams,3 Yue C. Li,1 Alan B. Clark,3

Jang-Eun Cho,1 Thomas A. Kunkel,3 Yves Pommier,2 Sue Jinks-Robertson1*

The ribonuclease (RNase) H class of enzymes degrades the RNA component of RNA:DNA
hybrids and is important in nucleic acid metabolism. RNase H2 is specialized to remove single
ribonucleotides [ribonucleoside monophosphates (rNMPs)] from duplex DNA, and its absence in
budding yeast has been associated with the accumulation of deletions within short tandem repeats.
Here, we demonstrate that rNMP-associated deletion formation requires the activity of Top1, a
topoisomerase that relaxes supercoils by reversibly nicking duplex DNA. The reported studies
extend the role of Top1 to include the processing of rNMPs in genomic DNA into irreversible
single-strand breaks, an activity that can have distinct mutagenic consequences and may be
relevant to human disease.

The exclusion and removal of single ribo-
nucleotides [ribonucleosidemonophosphates
(rNMPs)] fromDNA are important for the

stability and function of the genome. In Saccha-
romyces cerevisiae, the introduction of an rNMP-
permissive form of DNA polymerase e into a
strain lacking ribonuclease (RNase) H2 confers a
mutator phenotype and is associated with the ac-

cumulation of a distinct mutation class: deletions
within short [2– to 5–base pairs (bp)] tandem
repeats (1). In contrast to similar mutations ini-
tiated by DNA polymerase slippage during ge-
nome replication, however, the rNMP-associated
deletion intermediates are not substrates for the
postreplicative mismatch repair machinery (2).
A similar deletion signature is associated with

high levels of transcription in yeast and requires
the activity of Top1 (3, 4), a type 1B topo-
isomerase important for removing transcription-
associated supercoils (5). Here, we demonstrate
that rNMP-associated deletions are likewise de-
pendent onTop1 activity,map in vitro the positions
of Top1 cleavage at deletion hotspots identified
in vivo, and confirm that Top1 has endoribo-
nuclease activity when an rNMP is substituted at
the scissile phosphate.

The CAN1 gene encodes arginine permease,
the loss of which confers resistance to the toxic ar-
ginine analog canavanine (Can-R phenotype). To
determine the effect of persistent rNMPs onCAN1
mutagenesis in yeast, we deleted the RNH201
gene,which encodes the catalytic subunit ofRNase
H2 (6, 7). Though there was only a small eleva-
tion in the Can-R rate in the rnh201 background,
there was a substantial change in the correspond-
ing mutation spectrum, with ~40% of mutations
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