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The underlying mechanism of circadian rhythmicity appears to
be conserved among organisms, and is based on negative tran-
scriptional feedback loops forming a cellular oscillator (or
‘clock’)"?. Circadian changes in protein stability, phosphoryl-
ation and subcellular localization also contribute to the gener-
ation and maintenance of this clock'?. In plants, several genes
have been shown to be closely associated with the circadian
system™*. However, the molecular mechanisms proposed to
regulate the plant clock are mostly based on regulation at the
transcriptional level>*. Here we provide genetic and molecular
evidence for a role of ZEITLUPE (ZTL)>” in the targeted degra-
dation of TIMING OF CAB EXPRESSION 1 (TOC1)*’ in Arabi-
dopsis thaliana (thale cress). The physical interaction of TOC1
with ZTL is abolished by the z#l-1 mutation, resulting in con-
stitutive levels of TOC1 protein expression. The dark-dependent
degradation of TOC1 protein requires functional ZTL, and is
prevented by inhibiting the proteosome pathway. Our results
show that the TOC1-ZTL interaction is important in the control
of TOCI1 protein stability, and is probably responsible for the
regulation of circadian period by the clock.

TOCI1 is involved in a transcriptional feedback loop'® to control
its own expression and that of CCAl and LHY, two Myb DNA
binding proteins associated with the clock'""?. TOC1 has also been
identified as a link between environmental information and clock
outputs, with an essential function in constant darkness and in the
integration of red light signals to the clock'. Two members of the
ZTL protein family (ZTL>7 and LKP2") have also been implicated
in the circadian clockwork. Sequence similarity of their LOV (light,
oxygen and voltage) domains with those of WHITE COLLAR-1
(WC-1) and the phototropins suggests they may bind flavin and
function as light sensors in Arabidopsis'>'°. The presence of a Kelch
domain and an F-box motif implies their participation in E3
ubiquitin ligase SCF complexes'”'®. However, no functional evi-
dence has been reported for any member of the ZTL family in
targeting specific substrates for degradation.

Our previous studies have shown that a TOC1 RNAi transgene
reduces TOC1 messenger RNA levels and shortens the free-running
period of circadian gene expression in continuous white light',
whereas increased TOCI gene dosage (using a TOC1 minigene
(TMG) that expresses TOC1 under its endogenous promoter)
delays the pace of the clock". Conversely, lengthening of the free-
running period was reported for loss-of-function and null z#
mutants>. We therefore explored the inverse phenotypic corre-
lation between TOC1 and ZTL expression by conducting a genetic
study in which zt/- I mutant plants were transformed with either the
TOC1 RNAI or the TMG constructs”. The z#l-I mutant plants
exhibit circadian and photomorphogenic phenotypes similar to the
null ztl-3/ado mutants® (data not shown). Under constant white
light (LL), the z#I-1/TOCI RNAI plants displayed circadian pheno-
types similar to those observed in TOCI RNAi plants', with period
lengths 3-4h shorter than wild type (Fig. la, b). These results
indicate that the ztl-I phenotype is only apparent in the presence of
a functional TOC1, and is consistent with TOCI acting downstream
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of ZTL. In ztl-1/TMG, CAB2:LUC expression displayed circadian
periods longer and with higher relative amplitudes error (that is,
weaker rhythmicity) than those observed in either the single ztl-1
mutant or TMG plants (Fig. 1c, d). Similar results were obtained
with ztI-3/TMG plants; CAB2::LUC expression was clearly affected,
with very long circadian periods and weak rhythms (Supplementary
Fig. 1a, b). These results indicate that the long-period phenotype of
TMG plants was enhanced by the zt/ mutations. These findings are
consistent with the notion that ZTL might target TOC1 for
degradation.

We next examined the possible interaction between TOCI and
ZTL using the yeast two-hybrid system. Our results showed high
lacZ activity in yeast colonies co-expressing TOC1 and ZTL,
indicating a strong interaction between both proteins. Weaker
interactions were detected with the other members of the ZTL
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Figure 1 Genetic and molecular interaction between TOC1 and ZTL.

a, ¢, Bioluminescence analysis of CAB2::LUC expression in LL. b, d, Period estimates of
CAB2::LUC expression analysed as described?"?%. Seedlings were grown in LD cycles
before transferring to LL. The experiments were repeated three times. WT, wild-type;
TOC1-R, TOC1 RNAi; TMG, TOC1 minigene. e, TOC1 interaction in yeast with the ZTL
family of proteins, and with the indicated domains of ZTL. —, empty prey vector;

F-box + , F-box and Kelch domains. f, 3-galactosidase activities in yeast. Values are the
average of three colonies and the error bars represent standard deviations. g, h, Western
blot analysis of immunoprecipitation with anti-GFP antibody and detection with antibody to
ZTL? (see Methods). Plants were grown in LD cycles and processed at ZT-14.
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family, FKF1 and LKP2 (Fig. le, f). Using different domains of ZTL,
we found that the LOV domain was sufficient for the interaction
with TOC1, whereas the Kelch or the F box + Kelch domains failed
to interact in yeast (Fig. le, f). PAS domains are conserved among
circadian systems, and have been identified as protein—protein
interaction domains in a number of sensing proteins'®. The PAS
domains mediate interaction between WC-1 and WC-2, and such
interactions are essential for circadian function in Neurospora®. To
verify the physical interaction between TOC1 and ZTL in vivo, we
performed co-immunoprecipitation assays with TOCl-yellow
fluorescent protein (YFP) overexpressing plants'> (TOCl1-0x)
which express TOC1-YFP under the strong 35S promoter. The
YFP was used as a tag owing to the lack of a specific TOCI antibody.
Immunoprecipitation with anti-GFP antibody and subsequent
detection of ZTL (Fig. 1g) showed a protein of molecular mass
approximately 66kDa coincident with the size of the protein
immunoprecipitated with the ZTL antibody (lane anti-ZTL,
Fig. 1g). Detection using the GFP antibody revealed a protein
band with a molecular mass of 110kDa that coincided with the
predicted molecular size of the TOCI-YFP fusion protein. The
physical interaction between TOC1 and ZTL was also observed in
TMG plants (Fig. 1h). The TMG plants express TOCI-YFP under
the TOCI native promoter. Interestingly, we were unable to
immunoprecipitate ZTL when ztl-1/TMG plants were assayed
(Fig. 1h), although mutant ztl-1 protein is expressed near wild-
type levels (data not shown). These results indicate that the physical
interaction between TOCI1 and ZTL is abolished by the ztl-1
mutation. Our yeast two-hybrid experiments show that the LOV
domain is involved in the interaction of ZTL with TOCI. The ztl-1
mutation in the Kelch domain® may affect the conserved tertiary
structure of the protein and disrupt the interaction with TOC1. The
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Figure 2 TOC1 protein and RNA expression in LD cycles. a, ¢, Immunodetection of TOC1
protein using anti-GFP antibody (see Methods) in TMG (a) and zt/-7/TMG (¢) seedlings.
Samples were collected at the indicated ZT (ZT-0 is light-on). TOC1 immunoreactivity was
quantified relative to the maximum value for each blot after normalization to the tubulin.
b, d, TOC1T mRNA in TMG (b) and zt/-7/TMG (d) plants analysed by northern blot. Samples
were processed as described in Methods. rRNA was used as control. Data are mean of at
least two independent experiments. White and dark bars represent light and dark period,
respectively.
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lack of interaction between ZTL and TOCI correlates with, and
most probably accounts for, the circadian phenotypes observed in
ztl-1 and in ztI-1/TMG plants.

The genetic and molecular interaction between TOC1 and ZTL
suggested that TOCI protein levels might be regulated by ZTL.
Time-course analysis in TMG seedlings grown in 12h:12h light:
dark (LD) cycles revealed a rhythmically expressed TOC1 protein
that closely followed the rhythmic pattern of mRNA expression
(Fig. 2a, b). In ztI-1/TMG plants, the rhythmicity of TOC1 protein
abundance was disrupted, with high levels at all time points assayed
(compare Fig. 2a and c). Notably, the effects of the ztl-I mutation
were specific for TOCI protein and did not alter the overall rhythm
of TOC1 mRNA expression (Fig. 2d). Together, these results
support the notion that a post-translational mechanism, involving
a functional ZTL, regulates the changes in TOC1 protein levels.

TMG seedlings displayed a long-period phenotype of CAB2::LUC
expression in LL (Fig. 1d). Compared to LD cycles, TOC1 rhythmic
accumulation in LL was delayed, with reduced amplitude and
higher protein levels at the expected trough in the subjective day
(Fig. 3a, b). In ztl-1/TMG (Fig. 3¢) and ztl-3/TMG (Supplementary
Fig. 1c), TOCI protein expression was consistently high, with no
rhythmic variations throughout the sampling interval. Interestingly,
analysis of different transgenic lines revealed that the severity of the
long-period circadian phenotypes correlated with higher levels of
TOCI protein (Fig. 3d). In ztl-1/TMG lines expressing very high
levels of TOC1 protein, CAB2::LUC was arrhythmic and no circa-
dian period (in the range of 15 to 45h) was obtained after fast-
Fourier transform-nonlinear least squares (FFT-NLLS) analysis*"**.
These results indicate that light/dark transitions and a functional
ZTL are important in the control of TOCI protein abundance.

We next made use of a cell-free assay to examine TOCL1 in vitro
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Figure 3 TOC1 RNA and protein expression in LL. a, ¢, Inmunodetection of TOC1 protein
using anti-GFP antibody (see Methods) in TMG (a) and zt/-7/TMG (c) seedlings grown in
LD cycles before transferring to LL. Samples were collected at the indicated ZT (ZT-0 is
light-on) and processed at the indicated time after the last LD light-off. b, TOC1 mRNA in
TMG seedlings analysed by northern blot. Samples were processed as described in
Methods. rRNA was used as control. Data are mean of at least two independent
experiments. White bars represent light period; hatched bars indicate subjective night.
d, Correlation between circadian period of CAB2::LUC expression and TOC1 protein levels
in TMG and ztl-7/TMG lines. Seedlings were grown in LD cycles before transferring to LL.
Period estimates were analysed as described?' %,
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degradation at the time of maximum (zeitgeber time, ZT-19) and
minimum (ZT-7) TOCL1 protein expression. In TMG extracts
assayed at ZT-19, TOCI protein levels were significantly reduced
within 30 min (Fig. 4a). This degradation was prevented by using
proteasome-specific inhibitors (Fig. 4a and Supplementary Fig. 2).
The protease inhibitors aprotinin and leupeptin had little effect in
preventing TOC1 degradation (Supplementary Fig. 2). Interest-
ingly, in ztl-1/TMG extracts, TOC1 protein levels showed little
change with no evident effect on protein abundance after adding
proteosome (MG115 and MG132) or protease (aprotinin, leupep-
tin) inhibitors (Fig. 4a and Supplementary Fig. 2). When samples
were processed at ZT-7, no degradation was observed in either TMG
or ztl-1/TMG plants (Fig. 4b). The use of cycloheximide, a protein-
synthesis inhibitor, revealed that the rate of TOCI protein decrease
was significantly higher at ZT-19 than at ZT-7 (data not shown),
confirming that protein degradation rather than RNA translation is
primarily responsible for the differential abundance of TOC1
protein. These results suggest that the rapid decrease in TOCI
protein levels from ZT-19 (Fig. 2a) occurs by degradation via the
proteosome pathway and requires a functional ZTL protein.

To investigate a possible light- or dark-dependent TOC1 degra-
dation, protein levels were analysed on transfer to constant darkness
(DD, Fig. 5a) or constant light (LL, Fig. 5b). Extended darkness at
ZT-24 into the first subjective day caused a clear reduction in TOC1
levels as compared to those observed in LD-grown seedlings
(Fig. 5a). In contrast, when the light period was extended into the
first subjective night, high levels of the TOC1 protein were main-
tained at all circadian time (CT) points analysed (Fig. 5b). Upon
transfer to LL (not shown) or DD conditions (Fig. 5¢, d), no evident
changes in TOC1 protein levels were observed in ztl-1/TMG or ztl-3/
TMG seedlings as compared with corresponding levels in LD cycles.
These findings indicate that independent of its circadian regulation,
TOCI1 is preferentially degraded in the dark and ZTL plays a major
role in that degradation. ZTL protein levels cycle with peak
expression at approximately ZT-10 to ZT-12*. The similar phase
of TOCI and ZTL expression suggests that additional factors might
be involved in the regulation of TOC1. It is possible that light signals
modulate changes in the binding affinity of the LOV domain and/or
in the target degradation activity of ZTL. In LD, the light period
appears to delay for some hours into the dark period the ability of
ZTL to effect TOC1 degradation. In LL, only the rapid degradation
mediated by ZTL is affected, so that TOC1 protein oscillates albeit
with a lower amplitude. This situation is analogous to that of TIM in
Drosophila, where TIM is degraded in the light by a CRY-dependent
mechanism, but the protein still cycles in DD although with reduced
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Figure 4 Cell-free TOC1 protein degradation assay. Immunodetection of TOC1 protein in
TMG and ztl-7/TMG seedlings grown in LD cycles. Samples were collected at ZT-19 (a)
and ZT-7 (b). Protein extracts were incubated in an in vitro degradation buffer (see
Methods) with or without inhibitors for the indicated time (min). Approximately 80 p.g
(TMG) and 40 ng (zt/-1/TMG) of total proteins were loaded onto gels. 60+ indicates
extracts treated with 50 pM MG132.
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amplitude®. We propose that both the circadian control of TOC1
mRNA expression and the ZTL-dependent TOCI protein degra-
dation act together to establish the rhythmic changes in TOC1
levels.

The alternation of day and night cycles has shaped the circadian
clockwork throughout evolution. In plants, transmission of light
signals to the core of the oscillator relies on the overlapping
activities of different photoreceptors®***. The mechanisms and
signalling pathways from this photoreception to the circadian
outputs are just beginning to be understood. TOC1 expression is
controlled by both transcriptional and post-translational mecha-
nisms. In the former, the morning-expressed CCA1/LHY proteins
bind to the evening-element sequence present in the TOC1 pro-
moter, repressing its expression at dawn'®. Decreasing CCA1/LHY
levels relieve that repression, resulting in rising levels of TOCI
mRNA during the day. A second regulation at the post-translational
level occurs with the activation of ZTL that targets TOC1 for
degradation. Both levels of regulation ensure a narrow peak of
TOCI1 expression that might be critical in maintaining the robust-
ness and stability of the clock. Evidence showing the involvement of
the proteasome pathway at the core of the oscillator in the
mammalian system® and in Drosophila®?® suggests that tightly
regulated protein degradation by the proteosome might be a
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Figure 5 Dark-dependent TOC1 protein degradation. Comparison of TOC1 protein in
seedlings grown in LD cycles and on transfer to DD (@, ¢, d) or LL (b). Protein levels were
analysed at ZT-2, ZT-6, ZT-10, ZT-14 or their corresponding circadian times (CT).
Approximately 80 pg of total protein was loaded in TMG extracts (a and b) whereas 50 ug
was loaded in zt-1/TMG (¢) and zt-3/TMG (d). White and dark bars represent light and
dark period, respectively. Hatched bar in a, ¢ and d indicates subjective day; hatched bar
in b indicates subjective night.
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conserved aspect in the regulation of the eukaryotic circadian
clocks. ]

Methods

Plant growth conditions and bioluminescence analysis

Arabidopsis plants transformed by Agrobacterium-mediated DNA transfer were selected in
MS-agar, 3% sucrose plates. Seedlings were grown under 12 h:12 h light:dark (LD) cycles
with 60 pmol m ™25~ " of cool white fluorescent light at 22 °C. Analysis of bioluminescence
rhythms under continuous white light was performed as previously described**.
FFT-NLLS analysis was used to estimate period lengths of individual traces’"*>. TOCI
minigene (TMG-YFP) plants express the TOCI genomic sequence (from 2,354 base pairs
(bp) upstream of the ATG to 410 bp downstream of the stop codon) fused to the YFP. The
TOC1 RNAi and TOC1-ox constructs were previously described'*.

Yeast two-hybrid assays

The coding region of TOCI complementary DNA was cloned into the pBMT116 vector
(Clontech) as a translational fusion to the LexA DNA binding protein and used as a bait for
the yeast two-hybrid studies. ZTL full-length and the domains LOV/PAS (residues 1-155),
Kelch (residues 290-609) and F-box + Kelch (residues 200-609) were cloned into the
PACT?2 vector (Clontech) and used as prey. The yeast transformation and enzymatic
activity on plates and liquid media was performed following manufacturer
recommendations (Clontech Yeast Protocols Handbook).

Coimmunoprecipitation experiments

Wild-type, TOC1-0x, TMG and ztl-1/TMG plants were grown in 12 h:12h LD cycles for 15
days and processed for co-immunoprecipitation at ZT-14. TOC1-YFP
immunoprecipitation was performed at 4 °C for 4 h using anti-GFP antibody (Molecular
Probes) in a buffer containing 50 mM Tris—HCl pH 7.5, 150 mM NaCl; 0.5% NP-40, 1 mM
EDTA, 3 mM dithiothreitol (DTT), 1 mM phenylmethylsulphonyl fluoride (PMSF),
5pgml ! leupeptin, 1 ngml ™" aprotinin, 5pgml ™" antipain, 1 pgml ™' pepstatin,
5ugml~" chymostatin and 50 .M MG132. Protein A/agarose beads were used to precipitate
the immunoprotein complexes. ZTL detection was performed using anti-ZTL antibody™.

Western and northern blots

Proteins were extracted from 0.2 g of tissue and ground in 0.5 ml of grinding buffer

(50 mM HEPES-KOH pH 7.5, 100 mM KCl, 10% glycerol, 0.1% Triton X-100, 2 mM DTT,
5mM EDTA, 0.5% polyvinylpolypyrrolidone (PVPP), 50 M MG132 and Protease
Inhibitor Cocktail (Roche)). Protein concentration was determined using the Bradford
method (protein assay, Bio-Rad) and approximately 70-80 p.g of total protein was loaded
per lane. Homogeneous protein transference to nitrocellulose membranes was confirmed
by red Ponceau staining. Anti-GFP (Molecular Probes) and anti-ZTL antibodies® were
used to detect TOC1-YFP and ZTL protein, respectively. As control, membranes were
incubated with anti-tubulin antibody (Sigma). For northern blot analysis, RNA from
12-day-old seedlings was isolated using the RNeasy kit (Qiagen) and separated on 1.2%
agarose/formaldehyde gels as previously described'’. Northern blots were performed using
radioactively labelled full-length YFP DNA fragment as probe. Quantification of the blots
and analysis of the images was performed on a Phosphorimager and using ImageQuant
software (Molecular Dynamics) and Scion Image software (Scion Corporation).

Cell-free degradation assays

Seedlings were ground in liquid nitrogen, resuspended in buffer (50 mM Tris—HCI pH 7.5,
100 mM NaCl, 10 mM MgCl,, 5mM DTTand 5 mM ATP) and clarified by centrifugation.
Equal amounts of extracts were transferred to individual tubes and incubated at room
temperature with or without inhibitors as indicated. Reactions were stopped by adding
protein gel-loading buffer.

Received 17 July; accepted 17 October 2003; doi:10.1038/nature02163.

1. Harmer, S. L., Panda, S. & Kay, S. A. Molecular bases of circadian rhythms. Annu. Rev. Cell Dev. Biol.
17, 215-253 (2001).

2. Young, M. W. & Kay, S. A. Time zones: A comparative genetics of circadian clocks. Nature Rev. Genet.
2, 702-715 (2001).

3. McClung, C. R. Circadian rhythms in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 139-162
(2001).

4. Yanovsky, M. J. & Kay, S. A. Signaling networks in the plant circadian system. Curr. Opin. Plant Biol. 4,
429-435 (2001).

5. Somers, D. E., Schultz, T. E, Milnamow, M. & Kay, S. A. ZEITLUPE encodes a novel clock-associated
PAS protein from Arabidopsis. Cell 101, 319-329 (2000).

6. Jarillo, J. A. et al. An Arabidopsis circadian clock component interacts with both CRY1 and phyB.
Nature 410, 487-490 (2001).

7. Kiyosue, T. & Wada, M. LKP1 (LOV kelch protein 1): a factor involved in the regulation of flowering
time in Arabidopsis. Plant J. 23, 807-815 (2000).

8. Strayer, C. A. et al. Cloning of the Arabidopsis clock gene TOC1, an autoregulatory response regulator
homolog. Science 289, 768-771 (2000).

9. Makino, S., Matsushika, A., Kojima, M., Yamashino, T. & Mizuno, T. The APRR1/TOCI quintet
implicated in circadian rhythms of Arabidopsis thaliana: Characterization with APRR1-
overexpressing plants. Plant Cell Physiol. 43, 58—69 (2002).

10. Alabadyi, D. et al. Reciprocal regulation between TOC1 and LHY/CCAL1 within the Arabidopsis
circadian clock. Science 293, 880-883 (2001).

11. Wang, Z. Y. & Tobin, E. M. Constitutive expression of the CIRCADIAN CLOCK ASSOCIATED 1
(CCA1) gene disrupts circadian rhythms and suppresses its own expression. Cell 93, 1207-1217
(1998).

570

12. Schaffer, R. et al. The late elongated hypocotyl mutation of Arabidopsis disrupts circadian rhythms and
the photoperiodic control of flowering. Cell 93, 1219-1229 (1998).
13. Mas, P, Alabadi, D., Yanovsky, M. J., Oyama, T. & Kay, S. A. Dual role of TOCI in the control of
circadian and photomorphogenic responses in Arabidopsis. Plant Cell 15, 223-236 (2003).
14. Schultz, T. E, Kiyosue, T., Yanovsky, M., Wada, M. & Kay, S. A. A role for LKP2 in the circadian clock of
Arabidopsis. Plant Cell 13, 2659-2670 (2001).
15. Cheng, P,, He, Q., Yang, Y., Wang, L. & Liu, Y. Functional conservation of light, oxygen, or voltage
domains in light sensing. Proc. Natl Acad. Sci. USA 100, 5938-5943 (2003).
16. Briggs, W. R. & Christie, J. M. Phototropins 1 and 2: Versatile plant blue-light receptors. Trends Plant
Sci. 7, 201-210 (2002).
17. Deshaies, R. J. SCF and cullin/RING H2-based ubiquitin ligases. Annu. Rev. Cell Dev. Biol. 15, 435-467
(1999).
18. Risseeuw, E. P. et al. Protein interaction analysis of SCF ubiquitin E3 ligase subunits from Arabidopsis.
Plant J. 34, 753-767 (2003).
19. Taylor, B. L. & Zhulin, I. B. PAS Domains: Internal sensors of oxygen, redox potential, and light.
Microbiol. Mol. Biol. Rev. 63, 479506 (1999).
. Froehlich, A. C,, Liu, Y., Loros, J. J. & Dunlap, J. C. White Collar-1, a circadian blue light
photoreceptor, binding to the frequency promoter. Science 297, 815-819 (2002).
. Plautz, J. D. et al. Quantitative analysis of Drosophila period gene transcription in living animals.
J. Biol. Rhythms 12, 204-217 (1997).
22. Millar, A. J., Straume, M., Chory, J., Chua, N. H. & Kay, S. A. The regulation of circadian period by
phototransduction pathways in Arabidopsis. Science 267, 1163—-1166 (1995).
23. Kim, W.-Y., Geng, R. & Somers, D. E. Circadian phase-specific degradation of the F-box protein ZTL is
mediated by the proteasome. Proc. Natl Acad. Sci. USA 100, 4933-4938 (2003).
24. Somers, D. E., Devlin, P. E. & Kay, S. A. Phytochromes and cryptochromes in the entrainment of the
Arabidopsis circadian clock. Science 282, 1488-1490 (1998).
25. Mas, P, Devlin, P. F, Panda, S. & Kay, S. A. Functional interaction of phytochrome B and
cryptochrome 2. Nature 408, 207211 (2000).
26. Yagita, K. et al. Nucleocytoplasmic shuttling and mCRY-dependent inhibition of ubiquitylation of the
mPER?2 clock protein. EMBO J. 21, 1301-1314 (2002).
27. Ko, H. W,, Jiang, J. & Edery, L. Role for Slimb in the degradation of Drosophila Period protein
phosphorylated by Doubletime. Nature 420, 673-678 (2002).
28. Grima, B. et al. The F-box protein slimb controls the levels of clock proteins period and timeless.
Nature 420, 178-182 (2002).
29. Millar, A. ], Carre, I. A,, Strayer, C. A., Chua, N. H. & Kay, S. A. Circadian clock mutants in Arabidopsis
identified by luciferase imaging. Science 267, 1161-1163 (1995).
30. Somers, D. E., Webb, A. A. R., Pearson, M. & Kay, S. A. The short-period mutant tocl-1, alters
circadian clock regulation of multiple outputs throughout development in Arabidopsis thaliana.
Development 125, 485-494 (1998).

2

=]

2

—

Supplementary Information accompanies the paper on www.nature.com/nature.

Acknowledgements We thank H. Tran, T. Imaizumi and S. Hazen for critical reading of the
manuscript. This research was supported by the NIH (S.A.K.) and the NSF (D.E.S).

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to S.A.K. (stevek@scripps.edu).

Proteomic characterization of
the human centrosome by
protein correlation profiling

Jens S. Andersen'*, Christopher J. Wilkinson>*, Thibault Mayor’+,
Peter Mortensen', Erich A. Nigg® & Matthias Mann'

' Center for Experimental Biolnformatics (CEBI), Department of Biochemistry
and Molecular Biology, University of Southern Denmark, Campusvej 55,
DK-5230 Odense M, Denmark

Department of Cell Biology, Max Planck Institute for Biochemistry,

D-82152 Martinsried, Germany

* These authors contributed equally to this work

+ Present address: Division of Biology MC 156-29, California Institute of Technology, 1200 East California
Blvd, Pasadena, California 91125, USA

The centrosome is the major microtubule-organizing centre of
animal cells and through its influence on the cytoskeleton is
involved in cell shape, polarity and motility. It also has a crucial
function in cell division because it determines the poles of the
mitotic spindle that segregates duplicated chromosomes between
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