
BamH1-restricted pPR23-1 (ref. 28). Similarly, a 2.3-kb fragment was amplified using
sense (5

0
-ATAAGAATGCGGCCGCGTGTGTCGAGCAATATCGACAG-3

0
) and antisense

(5 0 -GGACTAGTCCAGAGCCACTACCGTGAGCAAG-3 0 ) primers specific for the H37Rv
mmpL7 gene, digested with NotI, SpeI and cloned into pcDNA2.1 (Invitrogen). A 1.3-kb
NotI fragment containing the hygromycin cassette of pHint29 was then inserted into the
SmaI site of the mmpL7 fragment. The 3.6-kb NotI/SpeI fragment containing mmpL7::hyg
was excised from pcDNA2.1 and inserted into the same sites of pPR23-1 (ref. 28).
Transformation and selection procedures were as described previously28. To generate
attB::pks1-15, we initially sub-cloned a 6.5-kb XbaI/XmnI fragment containing pks1-15
from the appropriate H37RV BAC clone (provided by R. Brosch) into EcoRV/XbaI-
restricted pBluescript II SK (Stratagene). The resultant plasmid was digested with NotI/
BamH1 into which the HN878 pks15 sequence (including the pks1-15 junction) generated
by polymerase chain reaction (PCR) was inserted. The entire pks1-15 insert was
excised with DraI/HindIII, cloned into pMV361 (ref. 25) and transformed into HN878
pks1-15::hyg.

Biochemical analysis
Cultures were grown to an absorbance of 0.25 at 650 nm (A 650) at which point
0.1 mCi ml21 [1-14C]propionic acid or 0.7 mCi ml21 [ring-14C(U)]4-hydroxybenzoic acid
(American Radiolabelled Chemicals) were added and incubated for a further 48 and 96 h,
respectively. Cell pellets were re-suspended in MeOH:0.3% NaCl (aq.) (10:1) and apolar
lipids extracted twice with petroleum ether as described30. Filtered (0.2 mM) culture
supernatants were extracted twice with 0.5 volumes of petroleum ether. Lipid extracts were
analysed on Silica Gel-60 TLC plates (Merck) and developed in CHCl3:MeOH (94:6). For
two-dimensional TLC, plates were developed in CHCl3:MeOH (95:5) (1st dimension) and
toluene:acetone (70:30) (2nd dimension). TLC plates were visualized using a Storm 860
PhosphorImager (Molecular Dynamics). For in vitro studies, approximately 1 mg of PGL
was extracted and purified from 2-l cultures of HN878 by preparative Silica Gel TLC. One-
dimensional 1H-NMR spectroscopy was carried out on the purified material using a
Mercury 300 MHz instrument and VNMR 6.1c software (Varian) with CDCl3 as solvent
and tetramethylsilane as an internal reference.

Animal studies
Before infection, M. tuberculosis cultures were adjusted to A650 of 0.5 and stored at 270 8C
as 20% glycerol stocks. Inocula were prepared by diluting these stocks to 4 £ 106

c.f.u. ml21 in PBS/Tween-80 (0.05%). Six-week-old B6D2 F1 (C57BL/6 £ DBA/2; F1

progeny) mice (Taconic) were infected (30 mice per group) via aerosol for 10 min using a
BioAerosol Nebulizing Generator (CH Technologies). In this manner, approximately
50–100 c.f.u. per lung were implanted as confirmed by homogenizing lungs (4 mice per
group) in 7H9/ADC at 3 h after infection and plating for c.f.u. determination. Additional
mice were killed at 2, 5 and 12 weeks after infection and serial dilutions of lung and spleen
homogenates were plated. The log-rank test was used to determine statistical significance
of survival differences observed in mice (GraphPad Prism v3.0).

Cytokine analysis
To generate BMMs, bone marrow flushed from mouse femurs (B6D2 F1) was cultured for
7 days in high glucose DMEM (Gibco) supplemented with 20% FCS, 1 mM pyruvate,
2 mM glutamine and 30% L929 conditioned medium. 106 BMMs (in high glucose DMEM
plus 10% FCS, 1 mM pyruvate and 2 mM glutamine) seeded into 24-well plates were
infected with various M. tuberculosis strains at a ratio of 1:1 for 4 h after which extracellular
bacteria were removed by repeated washing with PBS. Culture supernatants were removed
18–24 h after infection, centrifuged and analysed for the presence of TNF-a, IL-6, IL-12
and MCP-1 by enzyme-linked immunosorbent assay (ELISA) (R&D Systems). Infected
cells were lysed with 0.025% SDS and serial dilutions plated for c.f.u. determinations.
Purified PGL (1 mg or 10 mg) and crude apolar lipid extracts (5 mg) prepared from HN878
pks1-15::hyg or H37Rv were re-suspended in petroleum ether, added to 24-well tissue
culture plates and the solvent allowed to evaporate before adding BMMs as above.
Additionally, similar assays were carried out in the presence of purified PDIM or M. bovis
(BCG) PGL. Each infection or lipid treatment was performed in triplicate with
macrophages prepared from at least three individual mice.
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Genetic transformation of plant cells by Agrobacterium rep-
resents a unique case of trans-kingdom DNA transfer1. During
this process, Agrobacterium exports its transferred (T) DNA and
several virulence (Vir) proteins into the host cell2, within which
T-DNA nuclear import is mediated by VirD2 (ref. 3) and VirE2
(ref. 4) and their host cell interactors AtKAP-a5 and VIP1 (ref. 6),
whereas its integration is mediated mainly by host cell proteins7–9.
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The factors involved in the uncoating of T-DNA from its cognate
proteins, which occurs before integration into the host genome,
are still unknown. Here, we report that VirF—one of the few
known exported Vir proteins whose function in the host cell
remains unknown—is involved in targeted proteolysis of VIP1
and VirE2. We show that VirF localizes to the plant cell nucleus
and interacts with VIP1, a nuclear protein. VirF, which contains
an F-box motif10, significantly destabilizes both VIP1 and VirE2
in yeast cells. Destabilization of VIP1 in the presence of VirF was
then confirmed in planta. These results suggest that VIP1 and its
cognate VirE2 are specifically targeted by the VirF-containing
Skp1–Cdc53-cullin–F-box complex for proteolysis. The critical
role of proteasomal degradation in Agrobacterium-mediated

genetic transformation was also evident from inhibition of
T-DNA expression by a proteasomal inhibitor.

Agrobacterium genetically transforms eukaryotic cells from
diverse origins, from its natural plant hosts (reviewed in refs 8, 9)
to yeast11 to human12. During this process, the bacterial T-DNA is
thought to be imported into the host cell nucleus as a DNA–protein
complex (T-complex) composed of a single T-DNA strand pack-
aged by numerous VirE2 molecules, a single VirD2 molecule
attached to its 5

0
end, and VIP1 proteins bound to VirE2 (reviewed

in refs 13, 14). Before integration into the host genome, the T-DNA
must be uncoated from its cognate proteins by a process yet to be
determined. We suggest that this is achieved by means of targeted
proteolysis mediated by the bacterial virulence protein VirF, which

Figure 1 Specific interaction between VirF and VIP1 in yeast and plant cells. a, b, Yeast

two-hybrid assay. L40(2ura3) cells were grown in histidine-deficient medium with

10mM of 3-amino-1,2,4-triazole (2His) or in histidine-containing medium (þHis); free

VirF was co-expressed in the absence of methionine (2Met) from a methionine-

repressible promoter. c, In planta BiFC assay. Signal intensity of reconstructed YFP

(green) is presented relative to plastid autofluorescence (red). d, Nuclear localization of the

interacting VirF and VIP1 proteins was confirmed in tobacco cells by co-localization (yellow

colour in the merged image) of reconstructed YFP (yellow) with free DsRed2 (red), which

labels both the cytoplasm and the nucleus22. All images are single confocal sections.
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is exported into plant cells2 and contains an F-box motif that binds
the plant homologue of Skp1, ASK1 (ref. 10). Since its discovery as a
host range factor15–17, the molecular basis for the function of VirF
has remained elusive. We reasoned that VirF might be involved in
destabilization of the protein components of the T-complex by
participating in a Skp1–Cdc53-cullin–F-box (SCF) complex
involved in protein degradation (reviewed in ref. 18). In this
model, one or more of the T-DNA-associated proteins would be
recognized by VirF and represent a substrate for targeted proteol-
ysis. Figure 1a shows that, in the yeast two-hybrid system, VirF,
which also bound ASK1, specifically interacted with VIP1, but not
with VirD2 or VirE2. This latter lack of interaction was not due to
instability of VirE2 and VirD2 in the presence of VirF because co-
expression of free VirF did not affect VirE2–VirE2 (ref. 19) and
VirD2–AtKAP-a5 interactions (Fig. 1b). VIP1, known to bind
VirE2 (ref. 6), did not interact with VirD2, and no interaction
between ASK1 and VirE2 was detected. Thus, of all the known
T-complex protein components, VirF specifically recognizes VIP1
in yeast.

The VirF–VIP1 interaction was confirmed in planta using the
bimolecular fluorescence complementation (BiFC) assay20. In this
approach, the yellow fluorescent protein (YFP) molecule is split
into amino-terminal (nYFP) and carboxy-terminal (cYFP) non-
fluorescent portions. Restoration of the YFP fluorescence signal is
achieved when nYFP and cYFP are brought together as fusions with
interacting proteins20. Figure 1c shows that YFP fluorescence was
restored in tobacco and onion cells—both of which are infected
by Agrobacterium21—after co-expression of nYFP–VIP1 and cYFP–
VirF, yet the intensity of the reconstructed YFP signal was weaker

and the number of cells exhibiting the fluorescence signal was
generally lower than those observed for the VIP1–VirE2 interaction.
These differences probably reflect the biological effect of the VirF–
VIP1 interaction (see below). No YFP fluorescence was detected
when nYFP–VIP1 or cYFP–VirF were co-expressed with unfused
cYFP or nYFP, respectively (Fig. 1c); this lack of background
signal, previously reported for BiFC in animal cells20, facilitated
identification of cells exhibiting the reconstructed YFP fluorescence.

If VirF and ASK1 are involved in uncoating of the T-DNA before
its expression and integration, they both should reside in the host
cell nucleus where VirF would interact with its target, VIP1. Indeed,
green fluorescent protein (GFP)-tagged VirF and ASK1 accumu-
lated in the nuclei of plant cells (data not shown). Furthermore, the
VirF–VIP1 complexes were also intranuclear, co-localizing with co-
expressed DsRed2 (Fig. 1d), which labels both the nucleus and the
cytoplasm22.

Next, the VirF-mediated protein destabilization was assayed by a
previously reported approach in which SCF-dependent protein
degradation is monitored using fusions to a reporter protein;
decrease in the reporter activity indicates decreased stability23. We
examined the effect of VirF on the stability of three protein
components of the T-complex (VIP1, VirE2 and VirD2) in two
experimental systems: yeast and plant. In yeast, expression of
GFP-tagged VIP1, VirE2 and VirD2 was controlled by a galactose-
inducible promoter, whereas expression of unlabelled VirF was
controlled by a methionine-repressible promoter. We compared
the GFP signal (black bars in Fig. 2) produced in control systems
(that is, after cell growth in galactose-containing medium) with the
GFP signal (grey bars in Fig. 2) accumulated after transferring the
cells to a glucose-containing medium, with or without induction of
VirF expression. Figure 2a shows that VirF significantly depleted the
amount of GFP–VIP1, reducing it to about 25% of its original level.
No such changes in GFP signal were observed under VirF-repressing
conditions (Fig. 2a), indicating the specific role of VirF in destabi-
lization of GFP–VIP1. Furthermore, VirF expression also caused
destabilization of up to 60% of GFP–VirE2 when co-expressed
with free, unfused VIP1 (Fig. 2b). This destabilization was VIP1-
dependent because GFP–VirE2 co-expressed with VirF in the
absence of VIP1 remained stable (Fig. 2b). GFP–VirD2, which
does not interact with VirF (see Fig. 1a) or VIP1 (ref. 6), was not
destabilized when co-expressed with VirF and VIP1 (Fig. 2c). Note
that, under our experimental conditions, the VirF-induced destabi-
lization of VIP1 and VirE2 was incomplete, explaining why inter-
actions between VirF and VIP1 could still be detected in the
two-hybrid system and in the BiFC assay; most likely, the residual
levels of these proteins were sufficient to induce expression of the
two-hybrid reporter genes and to reconstruct detectable levels of the
YFP signal (see Fig. 1a, c). That these low amounts of VirE2 and
VIP1 still remained in the cells may be due to their de novo synthesis
or recalcitrance of some of the expressed protein to degradation.

Because VirF is an F-box protein thought to participate in the
SCF-mediated degradation10, we directly tested whether the VirF-
containing SCF (SCFVirF) pathway is involved in destabilization of
GFP–VIP1. To this end, we used a yeast temperature-sensitive
mutant in the Skp1 component of the SCF complex, skp1-4
(ref. 24). Figure 2d shows that VirF expressed in skp1-4 cells
substantially destabilized GFP–VIP1 at the permissive temperature
(25 8C), but not after shift to the restrictive temperature (37 8C). As
expected, in the parental, wild-type yeast strain, destabilization of
GFP–VIP1 occurred with equal efficiency at both temperatures (not
shown).

Collectively, these results suggest that VirF specifically destabi-
lizes VIP1 and VirE2 via targeted proteolysis mediated by SCFVirF.
Also, because VirF binds VIP1 but not VirE2 (see Fig. 1a), its effect
on VIP1 stability was probably direct whereas the stability of VirE2
was affected indirectly, presumably through the VIP1–VirE2
interaction.

Figure 2 VirF-mediated and Skp1-dependent destabilization of VIP1 and VirE2 in yeast

cells. a, Destabilization of GFP–VIP1. b, Destabilization of GFP–VirE2. c, Lack of

destabilization of GFP–VirD2. d, Destabilization of GFP–VIP1 at permissive (25 8C) but not

at restrictive (37 8C) temperature in skp1-4 cells. Combinations of target genes are

indicated on the top of each panel, and initial levels of GFP fluorescence, measured after

induction of the target proteins in the absence of VirF expression, are indicated by black

bars. Fluorescent signal measured after induction (þ) or continued repression (2) of VirF

is indicated by grey bars. Bars represent mean ^ standard error (n ¼ 5).
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The effect of VirF on VIP1 stability was then examined directly
in planta by transiently co-expressing GFP–VIP1 and free VirF. The
DsRed2 fluorescent marker, located on the same plasmid that
expressed GFP–VIP1, was used to identify the transformed cells
and to visualize their nucleus and cytoplasm, between which it is
known to partition22. As expected6,25, in the absence of VirF, VIP1
predominantly accumulated in the nuclei of tobacco and onion cells
(Fig. 3). In the presence of VirF, however, a significant population of
the transformed cells displayed no GFP–VIP1 signal, but still
accumulated the DsRed2 fluorescence (Fig. 3). Thus, although the
DsRed2/GFP–VIP1-encoding construct had been delivered to and
was expressed in these cells, GFP–VIP1 was depleted to levels below
our detection limits. In addition, consistent with the reconstructed
but weak fluorescence signal in the BiFC experiments (see Fig. 1c, d),
low, residual levels of GFP–VIP1 fluorescence could still be observed
in some cells co-expressing GFP–VIP1 and VirF (not shown). These
data suggest that, in plant cells, the presence of VirF destabilizes
VIP1, potentially through the SCFVirF pathway. Owing to technical
difficulties with reproducible expression of three co-bombarded
constructs, we were unable to examine the effect of VirF on the
stability of VirE2 in the presence of overexpressed VIP1.

To examine the effect of the 26S proteasome on T-DNA
expression, tobacco tissues were treated with the proteasome
inhibitor MG132 (ref. 26) for 2 h before and during the first 2 h
of their inoculation with Agrobacterium, and T-DNA expression was
monitored by polymerase chain reaction with reverse transcription
(RT–PCR)27. Figure 4a shows that, in untreated leaf disks, T-DNA-
specific transcripts were detected already 2 h after inoculation, and
that addition of DMSO, the MG132 solvent, to the incubation

medium did not alter the efficiency and the pattern of T-DNA
expression.

In contrast, RT–PCR analysis of the MG132-treated disks
detected the T-DNA-specific products significantly later, 6–8 h
after inoculation (Fig. 4a). This inhibitory effect of MG132 on
T-DNA expression was observed with both concentrations (25 mM
and 50 mM) of the proteasome inhibitor used in our experiments,
with the higher amount of MG132 being slightly more effective
(Fig. 4a). Thus, MG132 affected T-DNA expression early in the
infection process. This inhibition of T-DNA expression was specific,
as MG132 had no discernible effect on expression of genes intro-
duced into plant tissues by an Agrobacterium-independent method.
Indeed, Fig. 4b shows that no differences in expression of the gfp
gene were detected when this gene was bombarded into untreated
leaf disks, or into disks treated with DMSO or with 25 mM or 50 mM
of MG132, indicating that MG132 did not simply interfere with the
gene expression ability of the plant cell. Although the effect of
MG132 on T-DNA expression may still be also due to other, more
indirect effects on the plant cell, these results, taken together with
VirF-induced destabilization of VirE2 and VIP1, strongly suggest
involvement of proteasomal degradation in Agrobacterium-
mediated genetic transformation.

VirE2 is thought to package the transported T-DNA molecule
into a T-complex, protect it and, together with the host factor VIP1,
assist its nuclear import (reviewed in refs 13, 14). Thus, disassembly
of the T-complex of VirE2 and VIP1 probably occurs within the
nucleus, before integration. Our data provide direct evidence for the
role of VirF in intranuclear proteolysis of two of the protein
components of the Agrobacterium T-complex—VIP1 and VirE2—

Figure 3 VirF-mediated destabilization of VIP1 in planta. Plant tissues were transiently

transformed with pGDR–GFP–VIP1 alone or mixed with pRTL2–VirF. pGDR–GFP–VIP1

expresses both GFP–VIP1 and free DsRed2 whereas pRTL2–VirF expresses unfused VirF.

DsRed2 labels the cytoplasm and the nucleus and identifies transformed cells. GFP,

green; DsRed2, red; co-localizing merged GFP and DsRed2, yellow; plastid

autofluorescence, blue. All images are single confocal sections.
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via the SCFVirF-mediated pathway. This notion is supported by
our observations that early expression of T-DNA, which requires
uncoating of the T-complex, is largely blocked by an inhibitor of
the 26S proteasome. Interestingly, as a host range factor,
VirF is required for transformation of some but not all plant
species15–17,28,29. Thus, in plants that do not require VirF, its function
may be fulfilled by an as yet unidentified nuclear-localized cellular
F-box protein; indeed, many other pathogenic bacteria export to
their eukaryotic hosts proteins that mimic functions of the host cell
factors required for the infection (reviewed in ref. 30). A

Methods
BiFC assay for protein–protein interaction in planta
VIP1, VirE2 and VirF were fused to the C terminus of either the 5 0 half (nYFP) or the 3 0

half (cYFP) of the YFP open reading frame dissected between codons 154 and 155 (ref. 20).
Different combinations of the tested proteins were mixed and co-bombarded into tobacco
leaves or onion scales. Transformation efficiency was estimated by parallel bombardment
of full-length YFP. Signal intensity of reconstructed YFP is presented relative to plastid
autofluorescence by calculating the green to red pixel ratio between ten transfected cells
with reconstructed YFP signal and an average of 20 randomly chosen plastids from each
transfected cell and its surrounding cells. For subcellular localization of the VirF–VIP1
complexes, nYFP–VIP1 and free DsRed2 were expressed from a single plasmid by cloning a
35S promoter–nYFP–VIP1–35S terminator cassette into pGDR22 that already contained
the dsred2 gene under a constitutive promoter, resulting in pGDR–nYFP–VIP1, which was
then co-bombarded with cYFP–VirF into tobacco leaves.

Protein destabilization assay in yeast
VIP1, VirE2, or VirD2 fused to the C terminus of GFP, as well as free VIP1, were expressed
from the galactose-inducible promoter and free VirF was expressed from the methionine
repressible promoter. TAT7 yeast cells, carrying the indicated plasmid combinations, were
grown overnight at 30 8C in selective minimal medium with glucose (10% final
concentration), washed, and diluted to A 600 ¼ 0.1. For induction of expression, cell
cultures were supplemented with galactose (10% final concentration) and allowed to grow
for 3 h at 30 8C. At this time, the cells were sampled to determine their GFP fluorescence;
this signal represented the initial level of the GFP-tagged protein accumulated in the

expressing cells. The remaining cultures was then collected, washed, and transferred to a
glucose-containing growth medium, which either lacked methionine for induction of VirF
expression or contained methionine for continuing suppression of VirF synthesis. Three
hours later, GFP fluorescence in the live cell cultures was determined, and destabilization
of the GFP-tagged proteins was estimated from the reduction in GFP fluorescence
calculated as per cent of the initial signal level.

For inactivation of Skp1, the temperature-sensitive skp1-4 cells, which arrest in the cell
cycle24, were maintained at the permissive temperature (25 8C) during overnight growth
and galactose induction, and shifted to the restrictive temperature (37 8C) for methionine
depletion.

Protein destabilization assay in planta
gfp–VIP1 was cloned into pGDR, and unfused virF was cloned into pRTL2, producing
pGDR–GFP–VIP1 and pRTL2–VirF, respectively. pGDR–GFP–VIP1 alone or mixed with
pRTL2–VirF (1:1 mol/mol) was bombarded into tobacco leaves or onion scales, and the
expression patterns of GFP and DsRed2 were analysed by confocal microscopy. Cells
transformed with pGDR–GFP–VIP1 were identified by the presence of DsRed2 whereas
VIP1 degradation in these cells was determined by reduction or disappearance of the GFP
fluorescence.

Early T-DNA expression assay in the presence of MG132
To detect specifically T-DNA expressed in plants, but not in Agrobacterium, we chose the
binary plasmid pBIG–HYG–GUS that carries in its T-DNA an intron-containing uidA
gene, the transcript of which is spliced only within plant cells. Tobacco leaf disks were
placed on a regeneration medium supplemented with MG132 (25 mM or 50 mM in 1%
DMSO), incubated for 2 h at 25 8C, bombarded with a GFP-expressing plasmid
(pRTL2–GFP), and immediately inoculated with acetosyringone-induced culture (final
A600 ¼ 1.5) of Agrobacterium strain EHA105 harbouring pBIG–HYG–GUS. The
incubation was continued for 2 h, after which the leaf disks were washed, transferred to a
fresh regeneration medium, and sampled at 2, 4, 6, 8, 20 and 24 h after inoculation.
Expression of the T-DNA and of the bombarded pRTL2–GFP was analysed by RT–PCR as
described27, using uidA- and gfp-specific primers.
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Polarity establishment requires a symmetry-breaking event,
resulting in an axis along which determinants are segregated.
In Caenorhabditis elegans, oocytes are apolar and are triggered to
polarize rapidly along one axis after fertilization. The establish-
ment of this first polarity axis is revealed by the asymmetric
distribution of PAR proteins and cortical activity in the one-
celled embryo. Current evidence suggests that the centrosome–
pronucleus complex contributed by the sperm is involved in
defining the polarization axis1–6. Here we directly assess the
contribution of the centrosome to polarity establishment by
laser ablating the centrosome before and during polarization.
We find that the centrosome is required to initiate polarity but
not to maintain it. Initiation of polarity coincides with the
proximity of the centrosome to the cortex and the assembly of
pericentriolar material on the immature sperm centrosome.
Depletion of microtubules or the microtubule nucleator g-
tubulin did not affect polarity establishment. These results
demonstrate that the centrosome provides an initiating signal
that polarizes C. elegans embryos and indicate that this signalling
event might be independent of the role of the centrosome as a
microtubule nucleator.

After fertilization, the PAR proteins are uniformly distributed
in the C. elegans embryo5,7–9. Coincident with the completion of
female meiosis, about 30 min after fertilization, shallow ingressions
(‘ruffles’) become visible throughout the cortex. On perception of a
polarization signal a few minutes later, the PAR proteins segregate

into their anterior (PAR-3 and PAR-6)5,8,9 and posterior (PAR-1 and
PAR-2)5,7,10 domains. Concomitantly, contractile polarity is estab-
lished5: the anterior cortex continues to ruffle while cortical activity
in the posterior ceases, creating a smooth domain. The male
pronucleus and microtubule asters lie adjacent to the smooth,
posterior PAR-2 domain5,6. To investigate when centrosome–cortex
proximity occurs relative to the initiation of polarity, centrosome
position was monitored with a green fluorescent protein (GFP)-
tagged centrosome marker, SPD-2 (ref. 11), and polarity was
assessed both by GFP–PAR-2 (Fig. 1a; Supplementary Movie 1)
and by cortical ruffling. The initiation of cortical polarity was
evident as a progressive cessation of ruffling, spreading from a
focus on the cortex, and within 2 min GFP–PAR-2 was visible on the
expanding smooth cortex. Before the onset of polarization, the
centrosome–cortex distances were variable (Fig. 1b; the range at
23:20 (3 min 20 s before the onset of posterior smoothing) was
0–9 mm; n ¼ 9). However, we consistently observed that the centro-
some was closest to the cortex when cortical polarity was initiated
(Fig. 1b; range at 0:00 was 0–4 mm; n ¼ 14). Thus, polarity initiation
coincided with centrosome–cortex proximity.

As a direct test of the role of the centrosome in polarity establish-
ment, centrosomes were located during female meiosis with the use
of GFP–SPD-2 fluorescence and the labelled centrosomes were
ablated with a pulsed ultraviolet-laser microbeam. Polarity was
assessed by time-lapse imaging of GFP–PAR-2 or contractile
polarity. Successful ablations were judged by the absence of a
GFP–SPD-2 structure throughout the recording period (minimally
30 min after ablation) and a failure of the fast phase of pronuclear
migration, a phenotype associated with centrosome defects. In
embryos in which the centrosome was successfully ablated before
the onset of polarity, no asymmetric PAR-2 localization was
observed (n ¼ 30; Fig. 2a; Supplementary Movies 2 and 3) and
ruffling continued throughout the entire cortex (Supplementary

Figure 1 The centrosome lies adjacent to the cortex at the time of polarity initiation.

a, Time lapse images of a GFP–PAR-2; GFP–SPD-2 embryo (Supplementary Movie 1).

The GFP–SPD-2-labelled centrosome is visible as a bright cytoplasmic dot (the second

centrosome is out of the focal plane); GFP–PAR-2 labels the posterior cortex. The small

ring of GFP–PAR-2 (arrowhead, 4:30) corresponds to the polar body cortex. The embryo

posterior is to the right. Scale bar, 10 mm. b, Centrosome–cortex distances during polarity

establishment. Solid lines indicate the distance (mm) from the centrosome to the nearest

point on the cortex over time. PAR-2 polarity was established at about 2:00 (see Methods).

Times were standardized to the onset of posterior smoothing, indicating polarity

establishment. Only a subset of experiments is shown.
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