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Polo-like kinase 1 phosphorylates
cyclin B1 and targets it to the
nucleus during prophase
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Figure 5g was printed in black and white instead of in colour. The
Figure is reproduced in colour below. M
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arrow encodes an LDL-receptor-
related protein essential for
Wingless signalling
Marcel Wehrli, Scott T. Dougan, Kim Caldwell, Louise O'Keefe,
Stephanie Schwartz, Dalit Vaizel-Ohayon, Eyal Schejter,
Andrew Tomlinson & Stephen DiNardo

Nature 407, 527±530 (2000).
..................................................................................................................................
This paper contained a mistake in Fig. 4a±d. The correct data are
described below and are shown on our web site (http://www.med.
upenn.edu/,cellbio/arrow.html). The main conclusions remain
unchanged. In the paper, we used a LacZ enhancer trap inserted
at Distal-less to investigate its regulation by arrow. However, as both
Distal-less and arrow are on chromosome 2R, the LacZ reporter was
¯ipped away in making arrow mutant clones. We have repeated
these experiments using anti-Distal-less antibodies generating
marked, Minute+ arrow 2 mutant clones. Early-induced arrow
mutant clones do not survive well; those that do survive exhibit
loss of Distal-less expression. Later-induced clones show reduced
Distal-less, although there is still residual expression. It is possible
that the residual expression is due to perdurance of Arrow protein in
cells only recently made mutant for arrow. As we stated in the paper,
these results with arrow are quite similar to those obtained for
clones mutant for frizzled frizzled2 (C. M. Chen and G. Struhl,
Development 126, 5441±5452; 1999). In the legend to Fig. 4,
however, we noted the higher level of Distal-less expression in the
wild-type twin spots compared to the heterozygous tissue. Rather
than re¯ecting changes in Wnt signalling, this resulted simply from
the presence of two copies of the Distal-less LacZ reporter on the
wild-type twin spots. M
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The Wnt family of secreted molecules functions in cell-fate
determination and morphogenesis during development in both
vertebrates and invertebrates (reviewed in ref. 1). Drosophila
Wingless is a founding member of this family, and many
components of its signal transduction cascade have been identi-
®ed, including the Frizzled class of receptor. But the mechanism
by which the Wingless signal is received and transduced across
the membrane is not completely understood. Here we describe a
gene that is necessary for all Wingless signalling events in
Drosophila. We show that arrow gene function is essential in
cells receiving Wingless input and that it acts upstream of
Dishevelled. arrow encodes a single-pass transmembrane pro-
tein, indicating that it may be part of a receptor complex with
Frizzled class proteins. Arrow is a low-density lipoprotein (LDL)-
receptor-related protein (LRP), strikingly homologous to murine
and human LRP5 and LRP6. Thus, our data suggests a new and
conserved function for this LRP subfamily in Wingless/Wnt
signal reception.

In each embryonic segment, Wingless (Wg) is expressed anterior
to cells expressing Engrailed (En) which co-express the signal
Hedgehog (Hh). Most of the pattern across each segmental ®eld is
organized by these two signals. For example, Wg has two roles in

patterning the segment. First, between 3 and 6 hours after egg laying
(a.e.l.), early Wg signalling is necessary for the continued expression
of En and Hh in the adjacent cell row. This ensures the maintenance
of the parasegmental subdivisions of the body axis, generating the
segmental body plan observed in larval cuticle preparations (Fig. 1a).
Between 6 and 9 hours a.e.l., Wg signalling assigns speci®c cell fates.
Within each segment, ventral epidermal cells secrete either smooth
cuticle or protrusions called denticles. The double row of En/Hh-
expressing cells straddles the boundary between smooth cuticle and
the ®rst denticle row (Fig. 1b). Wg signalling instructs anterior En
cells to adopt smooth cell fate2. When Wg function is eliminated after
8 hours a.e.l., the anterior En cell incorrectly adopts a denticle fate
(Fig. 1c). Similarly, anterior En cells adopt denticle fates in arrow
mutants (Fig. 1d). These embryos have wild-type segmentation
because early Wg signalling proceeds normally in zygotic arrow
mutants. However, when we removed both maternal and zygotic
arrow function (Fig. 1e; hereafter referred to as arrnull embryos), the
resulting embryos were indistinguishable from wg null mutants. As
the maintenance of En expression depends on the reception of the
early Wg signal, we assayed arrnull embryos for En maintenance. En
expression is initiated properly in wg and arrnull embryos (Fig. 1f, h, j)
but then fades (Fig. 1g, i, k). In addition, Wg protein is distributed
normally in arrnullmutant embryos, as compared with wild-type
embryos (Fig. 1l; and data not shown). In particular, in arrnull

embryos Wg is still detectable within cells distant from the Wg-
expressing cells. Thus, arr mutations do not affect the production of
ligand, nor its distribution across the epithelium, but nevertheless
block the two Wg-dependent patterning events in embryonic epi-
dermis. Furthermore, arrow function is required for all other Wg
signalling events that we have tested, such as in embryonic midgut
(data not shown), as well as in all facets of imaginal disk patterning
(see below). Thus, arrow conforms to the expectation for a gene
encoding an essential component of the Wg pathway.

We cloned the arrow gene using a lethal P-element insertion
(l(2)k08131) that fails to complement arrow. The longest comple-
mentary DNA (6,012 base pairs (bp); GenBank AY005815,
CT15575) restores smooth cuticle to alternate segments of arrnull

embryos when expressed under control of Prd±GAL4, indicating
rescue of Arrow function and Wg signalling (Fig. 2a, compare with
Fig. 1e).

Figure 1 Arrow is required for Wg-dependent cell fates. Shown are larval cuticles,

anterior left, ventrolateral (a), ventral (e±k) and optical sections (b±d). a, Wild type (WT);

normal segmentation and patterning generates regions of alternating denticle and smooth

cuticle. Arrow indicates ®rst denticle row of abdominal segment four. b, WT; ®rst four rows

of a single denticle belt. Row 1 (arrow) is formed by the posterior of the two overlying En-

lacZ-expressing cells (blue; b±d); the anterior En cell (arrowhead) secretes smooth

cuticle. Staining above hypodermis is irrelevant CNS expression. c, wgts, inactivated at

8 hours a.e.l.; the anterior En cell (arrowhead) now produces a denticle. d, Zygotic arrow

mutant; the anterior En cell (arrowhead) now adopts denticle fate. Ectopic denticles are

also found just posterior to the belt30. e, arrnull embryo; no smooth cuticle is produced, as

in wg null mutants (not shown). f±k, Anti-En monoclonal antibody 4D9 staining of one and

a half parasegments of ®lleted epidermis. f, WT, 3.5 hours a.e.l.; En expression is initiated

in narrow stripes. g, WT, 6 hours a.e.l.; En is maintained. h, i, wg null; En expression is

induced normally (h) but fades from the epidermis (i), although it remains in underlying

neuroblasts (arrows). j, k, arr1B/Df(2R)AA1 maternal and zygyotically mutant embryos; En

expression is induced normally (j), but fades from the epidermis (k), although it remains in

underlying neuroblasts (arrows). l, Anti-Wg, monoclonal antibody 4D4. arrnull, ,4.5 hours

a.e.l., one parasegment magni®ed to visualize Wg protein (arrows) distant from Wg

producing cells. Scale bars, 70 mm (a); 6 mm (b±d); 50 mm (e); 25 mm (f±k);

9 mm (l).
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Initially, arrow messenger RNA is distributed uniformly in the
embryo, owing to maternal contribution, but by stage 9 broad
stripes are superimposed on this global expression (data not
shown). As zygotic expression takes over, arrow mRNA stripes
become more accentuated (Fig. 2d), such that by stage 13 the
highest levels are posterior to the En domain, and the lowest
levels are just anterior to the En domain, in the region signalled
by Wg at this stage (Fig. 2d, dots). Similarly, in leg discs arrow
transcription is lowest in cells expressing Wg (data not shown). This
suggests that arrow transcription is negatively regulated by Wg
signalling, in a manner similar to the Frizzled receptors Fz and DFz2
(refs 3, 4), but unlike the signal transducers Dsh and Arm, which are
both uniformly expressed5,6. Although the signi®cance of this
transcriptional regulation is unclear, it is unlikely that it is relevant
to signalling in the embryo, as global maternal arrow contribution
suf®ces for most epidermal Wg signalling events. Polymerase chain
reaction with reverse transcription (RT±PCR) analysis shows also
that arrow mRNA is expressed in S2 cells (data not shown),
consistent with these cells being able to respond to Wg once
transfected with DFz2 (ref. 3).

arrow encodes a protein of 1,678 amino acids exhibiting a striking
sequence conservation to the mammalian LDL-receptor related
proteins LRP5 and LRP6 (Fig. 3; 71% similarity, 40% identity7±10;
a complete alignment is posted at http://www.med.upenn.edu/
,cellbio/DiNardo.html; see also Supplementary Information).
Arrow is a putative type I transmembrane protein containing four
epidermal growth factor (EGF)-like repeats, each preceded by six
YWTD spacer domains. Between the EGF/YWTD region and the
membrane are LDL-receptor (LDLR) type A repeats. Both classes of
repeats have been implicated in ligand binding in other contexts.
For example, the LDLR repeats in the LDL receptor are central to
binding the LDL particle, whereas EGF-like repeats contribute to
ligand binding by some LRPs11. The cytoplasmic tail contains
proline-rich regions that are potential targets for SH3-domain-
containing proteins, and the sequence YKII is a potential signal for
internalization. Sequencing of two arrow alleles indicates that they
are most probably null mutants. In arr2 a stop codon is introduced
at position 753, between EGF-like repeats 2 and 3 (Fig. 3, asterix;

data not shown). Another allele, arr134, was generated by imprecise
P-element excision and remove sequences that include the transla-
tion start and part of the signal peptide up to codon 57 (in addition
to P-element internal sequences).

Arrow, LRP5 and LRP6 form a distinct group of LRPs based on
overall sequence conservation (data not shown, see http://www.
med.upenn.edu/,cellbio/DiNardo.html). The conservation among
Arrow, LRP5 and LRP6 is not restricted to the repeats, but is found
throughout the proteins. In addition, the blocks of EGF-like and
LDL-receptor repeats are in reversed order as compared with other
LRP members. Finally, the EGF-like repeats of Arrow are slightly
more closely related to those of LRP5 and LRP6 than to those in
other LRP proteins. The same is true for the LDL receptor repeats
(data not shown). These comparisons indicate a signi®cant func-
tional conservation between Drosophila Arrow and human LRP5
and LRP6.

As Arrow appears not to be involved in production of Wg, Arrow
might be required in cells receiving Wg input. To test this, we
examined the expression of Wg target genes in tissues mosaic for
arrow function. If Arrow is required to produce active signal, then
arrow mutant cells will be rescued by signal produced from adjacent
Arrow-positive cells. On the other hand, if Arrow is necessary in the
receiving cell, then all the arrow mutant cells will exhibit a defect in
Wg target gene expression. Wg is expressed along the dorso-ventral
boundary of the wing disc. Secreted from these cells, Wg activates
the transcription of Distalless (Dll), and acts in a concentration-
dependent manner to pattern the wing12,13. In the wing pouch, none
of the arrow mutant cells within a clone expresses Dll (Fig. 4a±d). As
mutant cells at the edge of the clone are not rescued by Wg secreted
from their wild-type neighbours, arrow function is necessary in the
cell receiving Wg. This is supported by analysis in the leg disk, where
Wg is expressed in a ventral quadrant, and speci®es ventral and
ventro-lateral fates. Proper patterning also requires that dpp, a
secreted factor necessary for dorsal and dorso-lateral fates, is
repressed in cells receiving Wg. If Wg signal transduction is blocked,
as in clones of cells mutant for dsh (refs 14±17), dpp expression is
de-repressed and patterning is disrupted. Similarly, dpp expression
is de-repressed in clones of cells mutant for arrow in the ventral
anterior quadrant (Fig 4e±h). These analyses show that arrow is
necessary in cells responding to Wg input, for both positive and
negative gene regulation.

Having established that arrow acts in the responding cell, we
ordered the requirement for arrow relative to the intracellular
transduction cascade. Smooth cuticle is restored to arrnull embryos
in alternate segments when Dsh is expressed using Prd±GAL4,
indicating rescue of Wg signal transduction (Fig. 2b). This contrasts
with the overexpression of Wg, which had no effect in arrnull

embryos (data not shown). These data suggest that Arrow acts
downstream of Wg but upstream of Dsh, as signalling, once
activated by Dsh, no longer requires Arrow. It remains possible
that Arrow might normally act as a scaffold and concentrate Dsh to
an appropriate subcellular location; in this model, ¯ooding the cell
with Dsh simply bypasses the requirement for Arrow. In either case,
Arrow is unlikely to act in a pathway parallel to Wg signal
transduction as (1) the arrow mutant phenotype is rescued by
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Figure 2 arr functions downstream of wg but upstream of dsh. Ventral (b) or ventrolateral

(a, c). a, arrnull UAS±Arr; Prd±GAL4; smooth cuticle (arrows), indicating restored Wg

signalling, now interrupts the lawn of denticles. b, arrnull; UAS±Dsh/Prd±GAL4;

overexpression of Dsh in alternate segments produces smooth cuticle (arrows), indicating

restored Wg signalling to this arrnull embryo. Similar results were obtained with activated

Armadillo (not shown). c, wgcx4; UAS±Dsh/Prd±GAL4; overexpression of Dsh in alternate

segments produces smooth cuticle (arrows), showing that excess Dsh activates signalling

in a ligand-independent manner. d, Arrow mRNA in situ. WT, stage 13; Arrow mRNA

(blue) is expressed at high levels just posterior to En-expressing cells (brown), and at lower

levels in regions signalled by Wg (dots). Ventral midline is along panel bottom. Scale bars,

77 mm (a±c); 30 mm (d).

SP

EGF-like repeats LDL repeats Transmembrane
segment

1 2 * 3 4 1 23

Figure 3 Arrow is a member of the LDL-receptor protein family. Arrow contains four EGF-

like repeats (class B2; ®lled boxes), three LDL receptor repeats (type A; cross-hatching), a

transmembrane domain (hatched) and a cytoplasmic tail. SP, signal peptide; bar, 100

amino acids; asterix, stop codon in arr2.
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Dsh, a canonical Wg signal transducer, and (2) loss of arrow
function blocks signalling even when excess Wg is presented. In
addition, the fact that the arrow phenotype is not suppressed by
excess Wg distinguishes arrow from the genes involved in proteo-
glycan-assisted presentation of the Wg ligand. Each of the mutants
affecting this step, sugarless, sulfateless and dally, is substantially
suppressed by providing excess Wg ligand, showing that glycos-
aminoglycans are not essential for reception of the signal but only
increase the ef®ciency of ligand presentation to the receptor (ref. 18
and references therein). Together, these data argue that Arrow is
absolutely essential for Wg to signal, and are consistent with a role
for Arrow in reception rather than presentation of signal.

The mosaic and epistasis analyses place the requirement for
Arrow activity upstream of Dishevelled in responding cells. Because
arrow encodes a putative transmembrane protein, epistasis tests
between Arrow and Fz proteins would be of interest, but no
activating mutations exist in either Fz or Arrow that would lead
to signal transduction in the absence of ligand. There are, however,
several suggestive similarities between Fz proteins and Arrow.
Arrow and DFz2 transcription is modulated similarly, whereas
that of the Dsh and Arm signal transducers is not. In addition,
ectopic DFz2 expression can mildly sensitize cells to Wg signalling,
for example in the wing, where overexpression of DFz2 produces

ectopic margin bristlesÐa Wg-dependent cell type19 (Fig. 5a). This
potentiation of Wg signalling is ligand-dependent, and ectopic
bristles are only found near the wing margin, which is a source of
high levels of Wg19. As is expected for a gene essential for Wg
signalling, loss of arrow function in clones leads to loss of margin
(data not shown; see Fig. 5c), similar to that observed for fz Dfz2
clones20. We ®nd that overexpression of Arrow also produces ectopic
bristles near the wing margin (Fig. 5b). Thus, arrow is required for
Wg-dependent signalling at the margin, and can potentiate Wg
signalling in a manner similar to that of DFz2. We also ®nd that the
potentiation of signalling caused by excess DFz2 depends on arrow
function, as shown by inducing arrow mutant clones while over-
expressing DFz2 (Fig. 5c). If excess DFz2 were able to bypass Arrow
and restore signalling on arrow mutant cells then these cells should
retain the ability to form wing margin and produce marked arrow
mutant margin bristles, neither of which was observed. This result is
consistent either with Arrow functioning after DFz2 engages ligand,
or with Arrow and the Fz class proteins functioning as co-receptors,
although this epistasis must be con®rmed when activating muta-
tions become available.

The extensive homology between Arrow and both mouse and
human LRP5 and LRP6, indicates that the role we ascribe to Arrow
in Wg signalling may extend to these LRPs for Wnt signalling.
Indeed, an insertion in the mouse LRP6 gene has been identi®ed
that leads to several Wnt-like phenotypes21. Our work suggests that
Arrow, and by extension LRP5 and LRP6, have speci®c roles for the
Wg/Wnt pathway, as both Dpp and Hh can signal to arrow null cells
(S.T.D. and S.D., unpublished data)22. We ®nd that arrow null
mutant cells do not survive as well as their wild-type sister cells
when twin spot clones are made, suggesting some role in viability
(S.T.D. and S.D., unpublished data) (see also Fig. 5c). Whether this
can be attributed to a de®cit in Wnt signalling is not known,
although cells doubly mutant for fz and dfz2 also do not survive20.

Our simplest model is that Arrow and a Fz-class protein act
together as a receptor complex. Some support for this is presented
in an accompanying paper23. Alternatively, Arrow might assist in
recycling the Fz receptors to the plasma membrane after Wg/Wnt
ligand binding and internalization, thereby providing unoccupied
receptors to allow ef®cient, extended signalling. This idea is sug-
gested by the fact that Arrow is related to LDL receptors, which are
sometimes involved in recycling proteins from the plasma mem-
brane. If this were the case, then overexpression of Fz proteins
should suppress the need for arrow function by supplying excess
nascent receptors. However, overexpressing DFz2 at the wing
margin did not suppress the Wg signalling defect caused by loss
of arrow function.

As several components required for Wg signalling, such as Dsh,
Sgg and Fz, are also necessary for the determination of tissue
polarity (reviewed in ref. 24), we tested whether Arrow also acts
in this process. The only tissue where we observed polarity defects is
the eye. However, the role for Arrow in polarity in this tissue is
probably indirect, re¯ecting an early, global role for a Wnt pathway
upstream of planar polarity determination22. In other tissues, Arrow
is not involved in tissue polarity. For example, arr mutant clones in
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Figure 4 arrow is required cell-autonomously for Wg target gene expression.

a±h, Homozygous arrnull clones marked by the absence of pi-Myc marker (green).

Heterozygous tissue stains at intermediate levels, whereas the homozygous wild-type twin

spot containing two copies of pi-Myc stains more brightly. a, Dll±LacZ expression (red) in

wing disc, magni®ed in b±d; dorsal is up. Dll expression is lost in arrnull clones at the

dorso±ventral boundary (arrowhead, a±c). Note the stronger Dll expression in wild-type

twin spots compared with heterozygous tissue, indicating an arrow gene-dosage effect on

the ef®ciency of Wg signal transduction. e, Dpp±LacZ expression (red), magni®ed in f±h;

anterior is to the left, dorsal up. Dpp expression is induced in anterior compartment cells

by Hh signalling from the posterior compartment. Wg signalling, active in ventral anterior

sectors, represses dpp, so that high-level Dpp expression is normally restricted to a stripe

of cells located dorsally along the antero-posterior compartment border. An arr clone

(arrowhead) in the ventral, anterior sector (Fig. 4g, bracket), near the compartment

boundary, now expresses Dpp±LacZ ectopically. Expression is weaker in mutant cells

more distant from the Hh-expressing source, similar to the graded endogenous Dpp

expression observed dorsally. Scale bars, 80 mm (a); 35 mm (b±d); 65 mm (e);

35 mm (f±h).

Figure 5 Ectopic expression of Arrow mimics ligand-dependent pathway activation. Adult

wings, magni®cation of posterior margin. Arrows and arrowheads indicate some ectopic

margin bristles. a, Overexpression of DFz2 generates ectopic margin bristles, in a

Wg-dependent fashion19. b, Similarly, overexpression of Arrow in clones also produces

ectopic bristles in the vicinity of the margin. c, Wing with arrow clones, simultaneously

overexpressing DFz2. Loss of arrow in clones causes notching, with loss of margin

bristles; yet, overexpression of DFz2 (as in a), rescues neither any arrow mutant tissue nor

mutant bristles (marked by yellow). A large notch resulting from loss of arrow function is

apparent, yet all bristles found nearby (arrows) are generated from wild-type tissue.8
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the dorsal leg exhibit no such defects (data not shown). This result
also shows that the Fz receptor is available to respond to tissue
polarity signals in the absence of arrow function and one would
therefore expect it to be at the cell surface in arrow mutant cells. This
®nding suggests that Arrow does not merely act as a chaperone to
guide Fz-class proteins to the cell surface. This again is consistent
with our model that Fz and Arrow have a similar role in the
reception of the Wg signal and that they may both be part of a
single receptor complex. Recent work raises the possibility that
other LRPs are part of a signal reception complex, just as we
postulate for Arrow. The VLDL and ApoE receptors (both LRPs)
are essential during mouse cerebellar development, where they bind
the ligand, Reelin, while intracellularly binding to, and inducing the
phosphorylation of, the adapter protein, Disabled-1 (reviewed in
ref. 25). In addition to the LRPs, a second receptorÐthe Cadherin-
related neuronal receptorÐalso binds Reelin, while its intracellular
domain associates with the Fyn tyrosine kinase. This suggests that as
the two receptor subunits bind Reelin, two proteins are brought into
proximity inside the cell, Disabled-1 and Fyn26. Perhaps Arrow and
the Fz proteins similarly bind ligand and consequently bring
together proteins in the cytoplasm that initiate Wg/Wnt signal-
ling. M

Methods
Two cDNAs, corresponding to CT15575, isolated from a 0-4h library27 contained an open
reading frame preceded by stop codons in all frames. Two ATGs are found 59 to a putative
signal peptide. For UAS±Arrow, cDNA F1 from pNB40 was cloned into pUASg as a XhoI/
partial NotI fragment.

arr2 germline clones28 were induced in HS-Flp/+; FRT42B arr2/FRT42B ovoD1 females
mated to Df(2R)8-104/CyO or Df(2R)AA1/CyO Hb-lacZ males, and null embryos were
identi®ed by absence of Hb-lacZ staining. Disc clones were induced in y w hs-Flp; dpp10638

(or Dll±LacZ) FRT43D arr2/FRT43D pi-Myc (45F, 47F) larvae29. Confocal projections
were captured with LSM510 software on a Zeiss axiovert microscope. For adult wings,
MS1096±GAL4 was used to express UAS±DFz2 (ref. 19), or UAS-FRT-white+FRT-Arrow.
Flies analysed were of genotype y w hs-¯ipase MS1096/ y w; UAS-DFz2/+ y w hs-¯ipase
MS1096/ w; Df(2)8-104 UAS-FRT white+ FRT-Arrow /+, where the white+FRT cassette
was removed in clones after heat-shock-induced ¯ipase recombination22. Marked arr
clones were induced while overexpressing DFz2 in y w hs-¯ipase MS1096/ y w; FRT42D
arr2/ FRT42D y+ w+; UAS-DFz2/+ ¯ies.
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The Wnt family of secreted signalling molecules are essential in
embryo development and tumour formation1. The Frizzled (Fz)
family of serpentine receptors function as Wnt receptors2±10, but
how Fz proteins transduce signalling is not understood. In
Drosophila, arrow phenocopies the wingless (DWnt-1)
phenotype11, and encodes a transmembrane protein11 that is homo-
logous to two members of the mammalian low-density lipoprotein
receptor (LDLR)-related protein (LRP) family, LRP5 and LRP6
(refs 12±15). Here we report that LRP6 functions as a co-receptor
for Wnt signal transduction. In Xenopus embryos, LRP6 activated
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Labelling of purified sGC
sGC (12.5 mg; purity about 91%) was dissolved in PAL buffer (50 mM TEA-HCl, 0.1 mM
EGTA, 1 mM cGMP, 3 mM MgCl2, 200 mM GTP, pH 7.4) and incubated with 20 mCi 3H-
PAL (25 mM) in the presence or absence of different sGC modulators (5 min, 37 8C).
Samples were irradiated at 254 nM (N8K ultraviolet 254-nM hand lamp, CAMAG, Berlin,
Germany; distance 30 mm, 20 8C, 15 min) and the reaction was stopped by adding SDS-
containing stop solution (312.5 mM Tris-HCl, 10% (w/v) SDS, 50% (v/v) glycerol,
250 mM dithiothreitol (DTT), 0.025% (w/v) bromophenol blue, pH 6.8) and heating
(5 min at 80 8C). For control 12.5 mg sGC was incubated with 20 mCi 3H-PAL without
irradiation. Separation was performed on a 7.5% SDS–PAGE (Protean II cell; Bio-Rad,
München, Germany) using a modified Laemmli method27. Proteins were fixed for 20 min
in 30/10/60 methanol/acetic acid/MilliQ water, dried and exposed to BAS-TR 20/25
imaging plates (Fuji Photo Film; Tokyo, Japan) for 15 days28. After exposure, the Imaging
Plates were scanned by means of a laser scanner (BAS 5000 Scanner; RayTest, Strauben-
hardt, Germany). Evaluation was performed by visual classification of radiographic
intensities, displayed by use of pseudo-colours, starting with blue for lowest detectable
concentrations up to red for highest concentrations.

CNBr fragmentation of labelled sGC
sGC (200 mg) was labelled with 1,600 mCi 3H-meta-PAL, and the reaction was terminated
by adding TCA to a final concentration of 10%. The protein was precipitated, washed with
ice-cold ethanol/ether (1/1), dissolved in formic acid (70% (v/v)) and reacted with a few
crystals of CNBr in the dark (24 h, 20 8C) under oxygen-free nitrogen. After evaporation in
a Speed Vac (Bachofer, Reutlingen, Germany) for three times after the addition of 1 ml
MilliQ water, the pellet was dissolved in sample buffer (62.5 mM Tris-HCl, 2% (w/v) SDS,
10% (v/v) glycerol, 50 mM DDT, 0.0025 % (w/v) bromophenol blue, pH 6.8) heated
(5 min, 808C), and the protein fragments were separated on a 10–20% gradient
SDS–PAGE or a 16.5% Tris-Tricine gel. The digested protein fragments were transferred to
a PVDF membrane (Trans-Blot Electrophoretic Transfer Cell; Bio-Rad) and stained with
Coomassie blue. Dried membranes were exposed to BAS-TR 20/25 Imaging Plates for 6 h
without (10–20% gradient gel blot) or for 48 h with a screen of metal folio for
contamination monitors (0.9 mg cm−2 Steiner; Erndtebrück-Schameder, Germany)
(16.5% Tris-Tricine gel blot).

Amino-terminal sequence analysis
Amino-terminal sequence analyses were performed using the gas-liquid-solid-phase
protein sequencer Procise with an RP-18-PTH-column from Applied Biosystems (Forster
City, CA, USA).

Sequence analysis
PVDF-membrane pieces were washed two times with 100 ml of 50% MeOH before
sequencing. The cyanogen bromide fragment VIII was sequenced over 60 cycles using the
sequencer program for blot sequencing. The single PTH-amino-acids were collected,
lyophilized and radioactivity was counted after combustion (Oxidizer model 307,
Oximate 80; Packard, Illinois, USA) in a liquid scintillation counter (LS-6500; Beckman,
Munich, Germany)

Statistics
Results are given as the mean 6 s.e.m. Differences were assessed by one-way analysis of
variance (ANOVA) followed by Bonferoni test for comparison of means.
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In vertebrate cells, the nuclear entry of Cdc2–cyclin B1 (MPF1–3)
during prophase4–6 is thought to be essential for the induction and
coordination of M-phase events7–12. Phosphorylation of cyclin B1
is central to its nuclear translocation8,13,14, but the kinases that are
responsible remain unknown. Here we have purified a protein
kinase from Xenopus M-phase extracts that phosphorylates a
crucial serine residue (S147) in the middle of the nuclear export
signal sequence10,13,15 of cyclin B1. We have identified this kinase as
Plx1 (ref. 16), a Xenopus homologue of Polo-like kinase (Plk)-1
(refs 17, 18). During cell-cycle progression in HeLa cells, a change
in the kinase activity of endogenous Plk1 toward S147 and/or S133
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correlates with a kinase activity in the cell extracts. An anti-Plk1
antibody depletes the M-phase extracts of the kinase activity
toward S147 and/or S133. An anti-phospho-S147 antibody
reacts specifically with cyclin B1 only during G2/M phase. A
mutant cyclin B1 in which S133 and S147 are replaced by alanines
remains in the cytoplasm, whereas wild-type cyclin B1 accumu-
lates in the nucleus during prophase. Co-expression of constitu-
tively active Plk1 stimulates nuclear entry of cyclin B1. Our results
indicate that Plk1 may be involved in targeting MPF to the nucleus
during prophase.

When vertebrate cells enter prophase, cyclin B1 translocates from
the cytoplasm to the nucleus4,5,19. One of the putative roles of
nuclear MPF as the nuclear lamin kinase is crucial for nuclear
envelope breakdown at the end of prophase20. Four serine residues
(S94, S96, S101 and S113) of Xenopus cyclin B1 have been identified
as in vivo phosphorylation sites during the G2/M transition21,22, and
their phosphorylation is thought to be responsible for both nuclear
entry of cyclin B1 and germinal vesicle breakdown8,13,14,22.

When an haemagglutinin A (HA)-tagged mutant of human
cyclin B1, in which four serine residues (S126, S128, S133, S147)
were replaced by alanine (S126,128,133,147A-cyclin B1), was co-
expressed with Myc-tagged wild-type cyclin B1 in HeLa cells, the
mutant cyclin B1 remained in the cytoplasm, whereas the wild type
accumulated in the nucleus in prophase (Fig. 1a, middle). Myc-
tagged wild-type cyclin B1 was indistinguishable from HA-tagged
wild-type cyclin B1 in nuclear accumulation during prophase
(Fig. 1a, top). This result is consistent with a report that a non-

phosphorylatable form of cyclin B1 can enter the nucleus only after
nuclear envelope breakdown14. Not only S126,128,133,147A-cyclin
B1, but also S133,147A-cyclin B1 remained in the cytoplasm during
prophase, whereas wild-type cyclin B1 accumulated in the nucleus
(Fig. 1a, bottom). S126,128A-cyclin B1 was not exclusively cyto-
plasmic, and localized, but not accumulated, in the nucleus during
prophase (data not shown).

We constructed a series of mutant forms of cyclin B1, in which
these four serines were replaced by glutamate to mimic phos-
phorylation. When each of the serines, or the first two or the
last two, were replaced by glutamate, cyclin B1 remained in the
cytoplasm (Fig. 1b, S126E,S128E,S133E,S147E,S126,128E and
S133,147E). When all four serines were replaced by glutamate,
cyclin B1 localized in the nucleus (Fig. 1b, S126,128,133,147E).
Together, these results suggest that phosphorylation of S133 and
S147 is necessary for the nuclear translocation of cyclin B1 during
prophase, and that phosphorylation of S126 and S128 may stimu-
late the nuclear translocation.

MPF itself can phosphorylate the first two serines14,21,23, although
it has not been proved that MPF regulates nuclear localization of
cyclin B1. As our above results showed the importance of identifying
a protein kinase(s) that phosphorylates the last two serines, we
prepared extracts from synchronized HeLa cells and assayed them
for kinase activities toward the various forms of cyclin B1. Kinase
activity toward S126,128A-cyclin B1 and toward wild-type cyclin B1
increased roughly in parallel with the activity of MPF—assayed by
histone H1 kinase activity—and decreased slightly later than that of
MPF (Fig. 2a). Kinase activities toward S126,128,133,147A-cyclin
B1 were not observed (Fig. 2a). Thus, a kinase activity that
phosphorylates S133 and/or S147 of cyclin B1 becomes activated
during G2/M transition in HeLa cells.

U0126, a specific inhibitor of mitogen-activated protein (MAP)
kinase kinase MEK at a concentration enough to inhibit epidermal
growth factor (EGF)-induced activation of MAP kinase ERK in
HeLa cells, did not block the kinase activity of the extracts toward
S126,128A-cyclin B1 (Fig. 2b). This indicates that MAP kinase may
not be involved in phosphorylating S133 and/or S147 of cyclin B1
during G2 and M phases in HeLa cells. A kinase activity toward
S126,128A-cyclin B1 was also detected in the process of Xenopus
oocyte maturation and found to increase after progesterone treat-
ment (Fig. 2c). Thus, a kinase activity that phosphorylates S133
and/or S147 of cyclin B1 is also activated during G2/M transition in
Xenopus oocyte maturation.

We purified from Xenopus M-phase extracts a kinase activity

a

HA-S126,128,133,147A

HA-S133,147A

Myc-WT

HA-WT

DAPI

b
WT S126E S128E S133E

S126,128E S133,147E S126,128,133,147ES147E

Figure 1 Phosphorylation-dependent nuclear localization of cyclin B1. a, Myc-tagged or
HA-tagged wild-type (WT) cyclin B1, HA–S126,128,133,147A-cyclin B1, or HA–
S133,147A-cyclin B1 were co-expressed in HeLa cells. An image of a prophase cell is
shown. b, Top, subcellular localization of the indicated forms of HA–cyclin B1 (top).
Bottom, DAPI staining. Quantification of staining in the cells is as follows, where N . C
indicates staining intensity in the nucleus (N) is stronger than that in the cytoplasm (C);
N = C indicates N is equal to C; and N , C indicates C is stronger than N. WT (total 202
cells): N . C, 0; N = C, 1; N , C, 201. S126E (total 158 cells): N . C, 0; N = C, 1;
N , C, 157. S128E (total 185 cells): N . C, 0; N = C, 0; N , C, 185. S133E (total 164
cells): N . C, 0; N = C, 0; N , C, 164. S147E (total 190 cells): N . C, 0; N = C, 2;
N , C, 188. S126,128E (total 202 cells): N . C, 0; N = C, 21; N , C, 181. S133,147E
(total 203 cells): N . C, 1; N = C, 17; N , C, 185. S126,128,133,147E (total 229 cells):
N . C, 204; N = C, 20; N , C, 5.
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Figure 2 A kinase activity that phosphorylates S133 and/or S147 of cyclin B1 is activated
during the G2/M transition. a, b, Kinase activities in the extracts from synchronized HeLa
cells by a double thymidine block20 toward the indicated substrates. At 6 h after release,
U0126 (10 mM) was added in the assays in b. c, Stage VI Xenopus oocytes were treated
with progesterone (PG). Oocyte extracts were prepared at the indicated times after
treatment with progesterone and the kinase activities in the extracts were measured as
in a.
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toward S126,128A-cyclin B1, which eluted in the flow-through
fraction after chromatography on Q-Sepharose (Fig. 3a). We puri-
fied the flow-through fraction by sequential chromatography on
glutathione S-transferase (GST)–cyclinB1–Sepharose, heparin–
Sepharose and oligo(dT)–cellulose; and in all steps the kinase
activity toward S126,128A-cyclin B1 eluted as a single peak (Fig. 3b

and Table 1). Elution of a polypeptide of relative molecular mass
65,000 (Mr 65K), the main band detected by silver staining,
coincided completely with that of the kinase activity in the final
step (Fig. 3b, Oligo(dT)-Cellulose, top and bottom).

The 65K protein was digested with achromobacter protease I.
Molecular mass analysis of the resulting Lys-C fragments deter-
mined that the 65K protein is Plx1, a Xenopus homologue of
Plk1. Anti-Plk1 antibody reacted with the 65K protein (Fig. 3b,
Oligo(dT)-Cellulose, Plk1 IB), confirming it as Plx1. This result
indicates that Plx1 and Plk1 may phosphorylate S133 and/or S147 of
cyclin B1 in Xenopus oocyte maturation and in the G2/M transition
of mammalian cells, respectively.

In agreement with previous reports24,25, both the concentration of
Plk1 and the total kinase activity of Plk1 toward casein, a substrate
of Plk1, increased during G2/M phase in synchronized HeLa cells
(Fig. 4a, rows 5 and 6). The kinase activity of endogenous Plk1,
immunoprecipitated with anti-Plk1 antibody, toward S126,128A-
cyclin B1 increased in parallel with the total kinase activity of
Plk1 toward casein (Fig. 4a, rows 3 and 5). This profile coincided
with the kinase activity of total lysates toward S126,128A-cyclin B1
(Fig. 4a, row 1). Immunoprecipitated Plk1 barely phosphorylated
S126,128,133,147A-cyclin B1 (Fig. 4a, row 4). Thus, during G2/M
phase Plk1 phosphorylates cyclin B1 on S133 and/or S147 in HeLa
cells.

The S126,128A-cyclin B1-phosphorylating activity in the extracts
from M-phase HeLa cells was decreased to less than 10% of its
original value by immunodepletion with increasing amounts of
anti-Plk1 antibody, but not with control IgG (Fig. 4b, top).
Bacterially produced recombinant His-tagged Plk1 protein restored
the kinase activity of the Plk1-immunodepleted extract (Fig. 4b,
bottom, lanes 3 and 4). These results indicate that Plk1 is a major
kinase that phosphorylates S133 and/or S147 of cyclin B1 during M
phase.

Recombinant His–Plk1 phosphorylated S126,128A-cyclin B1 in a
dose-dependent manner, and the efficiency of the phosphorylation
was almost the same as that of phosphorylating casein (Fig. 5a),
indicating that cyclin B1 is a good substrate for Plk1. We next
examined which of the serines S133 or S147, or both, was phos-
phorylated by Plk1. The active fraction of heparin–Sepharose from
mature Xenopus oocytes (Fig. 3b) could phosphorylate S126,128A-
cyclin B1 and S126,128,133A-cyclin B1, but not S126,128,147A-
cyclin B1 (Fig. 3c). Recombinant His–Plk1 protein could
phosphorylate S126,128A-cyclin B1 and S126,128,133A-cyclin B1,
but not S133,147A-cyclin B1, S126,128,147A-cyclin B1, or
S126,128,133,147A-cyclin B1 (Fig. 5b, top). Flag-tagged Plk1,
purified by immunoprecipitation with anti-Flag antibody from
extracts of Flag-tagged Plk1-transfected HeLa cells, also showed
essentially the same substrate specificity (Fig. 5b, bottom). More-
over, recombinant His–Plk1 protein phosphorylated a synthetic
peptide corresponding to residues 141–154, DLCQAFSDVILAVN,
of cyclin B1 (OVA-NES), but not a phosphopeptide (DLCQAF-
phosphoS147-DVILAVN; OVA-P-NES) (Fig. 5c). Together, these
results show that Plk1 directly phosphorylates S147 of cyclin B1.

Our results with serine/alanine mutants and serine/glutamate
mutants of cyclin B1 (Fig. 1a, b) suggest that phosphorylation of
S126 and S128, and of S133 and S147 cooperates to induce nuclear
localization of cyclin B1. To test whether phophorylation of S147 in
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Figure 3 Purification of a kinase activity that phosphorylates S133 and/or S147 of cyclin
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Table 1 Purification of cyclin B1 kinase from Xenopus M-phase extracts

Total protein
(mg)

Total activity
(units)

Specific activity
(units per mg)

Purification
(fold)

.............................................................................................................................................................................

Crude extract 220
Q-Sepharose 53 467 8.8 1.00
GST-cyclin B1-Sepharose 0.33 131 400 50.3
Heparin-Sepharose 0.050 130 2,600 292
Oligo(dT)-Cellulose 0.0015 22.8 15,200 1,710
.............................................................................................................................................................................
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addition to phosphorylation of the first two serines could induce
nuclear localization of cyclin B1, we examined the localization of
S126,128,147E-cyclin B1 and found that it localized to the nucleus
(Fig. 5d). Thus, phosphorylation of the first two serines (S126 and
S128) and S147 should be sufficient for nuclear translocation of
cyclin B1 in prophase.

To examine whether phosphorylation of S147 of cyclin B1 occurs
during prophase in vivo, we produced an antibody that reacts
specifically with the S147-phosphorylated cyclin B1. The affinity-
purified antibody (147P) recognized the synthetic phosphopeptide
(OVA-P-NES), but not a non-phosphopeptide (OVA-NES) (Fig. 5e,
top). It reacted with the cyclin B1 that had been immunopre-
cipitated with a monospecific anti-cyclin B1 antibody (Fig. 5e,
middle, extract) from M-phase extracts, but it did not react with
the cyclin B1 from G1/S phase (Fig. 5e, middle, anti-cyclin B1 IP).
When 147P was mixed with M-phase extracts and the mixture was
immunoprecipitated with the anti-cyclin B1 antibody, almost all of
the 147P antibody precipitated with cyclin B1 (Fig. 5e, lower, IP;
anti-cyclin B1, M). In contrast, the mixed 147P remained in the
supernatant after immunoprecipitation with control IgG or when
mixed with G1/S phase extracts (Fig. 5e, lower, IP; anti-cyclin B1
and IP; IgG). These data indicate that 147P recognizes specifically
the S147-phosphorylated cyclin B1.

The 147P antibody immunoprecipitated cyclin B1 from syn-
chronized HeLa cells during G2/M phase (8–10 h after release), but
not from the cells in S phase (4 h after release) (Fig. 5f, bottom, IP;
anti-147P) despite accumulation of significant amounts of cyclin B1
in these cells (Fig. 5f, extracts). The change in the amounts of cyclin
B1 immunoprecipitated with 147P during the cell cycle matched
completely the change in the kinase activity of the extracts to
phosphorylate S126,128A-cyclin B1, except for a significant kinase
activity in the extracts but not the immunoprecipitated cyclin B1

during late M phase, 11 h after release (Fig. 5f, S126, 128A, IP; anti-
147P). This may be due to degradation of endogenous cyclin B1 in
late M phase (Fig. 5f, bottom).

Immunohistochemistry of HeLa cells with 147P (Fig. 5g) showed
that metaphase cells (white arrowheads), but not S-G2 phase (red
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arrowhead), anaphase (not shown), telophase (yellow arrowhead)
or G1 phase cells (not shown), were stained with this antibody. This
antibody stained also prophase cells (white arrow). These results
show that phosphorylation of S147 of cyclin B1 occurs during G2/M
phase in vivo.

Our results indicate that Plk1 phosphorylation of cyclin B1 on
S147 during prophase is central to inducing nuclear translocation
of cyclin B1. As S126 and S128 of cyclin B1 are reported to be
phosphorylated by Cdc2 (refs 14, 21, 23), activation of Plk1 should
induce nuclear translocation of S126,128E-cyclin B1. To test this, we
co-expressed Plk1 and S126,128E-cyclin B1 in HeLa cells. Experi-
ments were performed in the presence of MG132, a proteasome
inhibitor, to avoid degradation of cyclin B1, as Plk1 phosphorylates
and activates the anaphase-promoting complex (APC), facilitating
degradation of cyclin B1. Treatment with MG132 alone had no
effect on the subcellular localization of cyclin B1 (data not shown).
When co-expressed with wild-type Plk1, the S126,128E-cyclin B1
remained in the cytoplasm (Fig. 6a, WT). We next co-transfected a
constitutively active Plk1 (SDTD-Plk1), constructed by a published
method26, and found that the S126,128E-cyclin B1 accumulated
strongly in the nucleus (Fig. 6a, SDTD).

To exclude possible involvement of the kinase activity of Cdc2, we
carried out experiments in the presence of butyrolactone I, a specific

CDK inhibitor, at a concentration enough to induce cell-cycle arrest
at G2 phase but not apoptosis in HeLa cells. S126,128E-cyclin B1
still accumulated strongly in the nucleus when SDTD-Plk1 was co-
expressed (Fig. 6a, SDTD+butyrolactone I), indicating that activa-
tion of Plk1 can induce nuclear entry of S126,128E-cyclin B1 in the
absence of Cdc2 activity. Because expression of SDTD-Plk1 did not
induce nuclear translocation of MAP kinase kinase MEK1 (data not
shown), whose cytoplasmic localization is maintained by its nuclear
export signal (NES), we could exclude the possibility that Plk1 may
inhibit the nuclear export system.

To further investigate the role of phosphorylation of cyclin B1 in
its nuclear localization, we co-expressed various forms of cyclin B1
with SDTD-Plk1. In most transfected cells (,70–80%), both
S126,128,133,147A-cyclin B1 and S133,147A-cyclin B1 remained
in the cytoplasm even in the presence of SDTD-Plk1 (Fig. 6b, S126,
128, 133, 147A and S133,147A). This result supports our idea that
Plk1 phosphorylates S147 and induces nuclear localization of cyclin
B1. In contrast, in more than half of the transfected cells, both wild-
type and S126,128A-cyclin B1, localized in the nucleus (Fig. 6b, WT
and S126,128A). Thus, the phosphorylation of S126 and/or S128,
which is catalysed by Cdc2, may not be absolutely required for the
Plk1-induced nuclear localization of cyclin B1. As nuclear localiza-
tion of wild-type and S126,128A-cyclin B1 was less complete than
that of S126,128E-cyclin B1 (Fig. 6b), however, phosphorylation of
S126 and/or S128 may also contribute to stimulation of the nuclear
localization of cyclin B1.

We have identified Plk1 as a protein kinase that phosphorylates a
serine residue (S147) in the NES of cyclin B1 and targets it to the
nucleus during prophase in vertebrate cells. The Plk1-mediated
phosphorylation seems to be responsible for inactivating the NES of
cyclin B1 rather than enhancing nuclear import of cyclin B1,
because we observed that OVA-P-NES, when injected into the
nucleus, was exported from the nucleus to the cytoplasm more
slowly than OVA-NES, and that OVA-P-NES, when injected into the
cytoplasm, did not move into the nucleus (data not shown). It is
possible, however, that phosphorylation of several serines including
S147 may create a nuclear import signal and enhance the nuclear
import of cyclin B1 (ref. 14).

During G2/M phase, Cdc2 is activated and Plk1 is synthesized
and activated. Thus, the activation of the kinase activity of MPF
(Cdc2–cyclin B1 complex) and its nuclear translocation may occur
coordinately. Previous work has suggested that Plk1 might activate
Cdc2 by phosphorylating and activating Cdc25C (refs 16, 27), and
that a positive feedback loop might exist between Plk1 and MPF. We
speculate that Plk1 may coordinate the activation of MPF and its
nuclear translocation. M

Methods
Protein preparation
GST–cyclin B1 and His-tagged Plk1 were prepared as described10. His-tagged Plk1 was
further purified by Mono-Q with a linear gradient to 1 M NaCl, and the active fractions
were used for in vitro kinase assays.

Immunoprecipitation, immunoblotting and cell staining
Cells were lysed in buffer 1 (20 mM HEPES pH 7.4, 20 mM 2-glycerophosphate, 2 mM
EGTA, 1.5 mM MgCl2, 150 mM NaCl, 50 mM NaF, 0.5% NP-40, 2 mM dithiothreitol
(DTT), 1 mM Na3VO4, 1 mM PMSF, 2 mg ml−1 aprotinin, 1 mM okadaic acid) con-
taining 10% glycerol, and centrifuged at 20,000g for 15 min. Endogenous Plk1 or Flag-
tagged Plk1 was immunoprecipitated with anti-Plk1 (Zymed) or anti-Flag antibody
(Sigma). Immunoblotting and immunofluorescent cell staining were done as
described10,28.

Kinase assays
We lysed cells in buffer 2 (20 mM Tris pH 7.5, 60 mM 2-glycerophosphate, 10 mM EGTA,
10 mM MgCl2, 10 mM NaF, 0.1% NP-40, 1 mM DTT, 1 mM Na3VO4, 1 mM PMSF,
2 mg ml−1 aprotinin, 1 mM okadaic acid), and centrifuged them at 20,000g for 15 min. The
supernatant was mixed with 1 mg of substrate, 100 mM ATP, 15 mM MgCl2, 2 mCi of
[g32-P]ATP and incubated for 40 min at 25 8C. Histone H1 kinase assay was done as
described10. In the kinase assays for His-tagged Plk1 or immunoprecipitates, 0.01 mg,
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Figure 6 Constitutively active Plk1 induces nuclear localization of cyclin B1 in the absence
of Cdc2 kinase activity. a, HeLa cells were co-transfected with a plasmid containing Myc–
S126,128E-cyclin B1 and control vector, HA-tagged wild-type Plk1 or HA–SDTD-Plk1.
After 15 h, cells were incubated with MG132 (50 mM) in the absence or presence of
butyrolactone I (120 mM) for 6 h and then immunostained with anti-Myc and anti-HA
antibodies. b, Cells were classified into three categories in terms of location of Myc–cyclin
B1 as described in the legend of Fig. 1b. More than 200 cells were examined, and the
percentages of each categories are shown. Experiments were performed twice with
similar results.
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0.1 mg or 1 mg of His-tagged Plk1 or immunoprecipitates was mixed with substrates
(casein or GST–cyclin B1, 0.1–1 mg), 50 mM ATP, 15 mM MgCl2, 3 mCi of [g32-P]ATP and
incubated for 20 min at 30 8C.

Purification of cyclin B1 kinase
De-jellied Xenopus eggs (50 ml) were homogenized in four volumes of buffer A (50 mM
Tris pH 8.0, 25 mM 2-glycerophosphate, 10 mM EGTA, 10 mM MgCl2, 0.1 mM NaF, 2 mM
DTT, 1 mM Na3VO4, 2 mM PMSF) with 10 mg ml−1 cytochalasin B and 20 mg ml−1

aprotinin, centrifuged at 20,000g for 30 min and then 140,000g for 1 h, and was loaded
onto a 50-ml Q-Sepharose Fast Flow (Pharmacia). Unadsorbed fractions were loaded onto
a cyclin B1 affinity column, GST–S126,128,133,147A-cyclin B1 coupled to glutathione–
Sepharose, equilibrated with buffer B (20 mM Tris pH 7.3, 12.5 mM 2-glycerophosphate,
2 mM EGTA, 2 mM MgCl2, 2 mM DTT, 1 mM Na3VO4, 1 mM PMSF, 2 mg ml−1 aprotinin).
Proteins were eluted with a linear gradient to 1 M NaCl and assayed for the kinase activity
toward GST–S126,128A-cyclin B1. Active fractions were loaded onto Hitrap–Heparin
(Pharmacia), and eluted with a linear gradient to 1 M NaCl in buffer B. The active fractions
were adjusted to 0.25 M NaCl, loaded onto oligo(dT)-cellulose (GibcoBRL) equilibrated
with buffer B containing 0.25 M NaCl, and eluted stepwise with buffer B containing 0.4,
0.6, 0.8, 1.0 and 1.2 M NaCl.

Identification of proteins by peptide mass mapping
Samples were electrophoresed on a 9% polyacrylamide gel and transferred onto a PDVF
membrane. The immobilized proteins were reduced, S-carboxymethylated, and digested
in situ with Achromobactor protease I (a Lys-C)29. Molecular mass analysis of Lys-C
fragments was performed by spectrometry using a PerSeptive Biosystem Voyager-DE/
RP30. We identified proteins by comparing the molecular weights determined by MALDI-
TOF/MS with theoretical peptide masses from the proteins registered in NCBInr
(10 April 1999).

Anti-S147-phosphorylated cyclin B1 antibody (147P)
Anti-S147-phosphorylated cyclin B1 polyclonal antibody was produced in rabbits by
immunizing them with a keyhole limpet haemocyanin-conjugated synthetic phospho-
peptide corresponding to residues 141–154 of cyclin B1 (DLCQAF-phosphoS147-DVI-
LAVN). The serum was affinity purified with the phosphopeptide- and the non-
phosphopeptide (DLCQAFDVILAVN)-conjugated cellulose. The purified 147P antibody
was added to the cell extracts and the immunoprecipitates were washed three times and
immunoblotted with anti-cyclin B1. In the immunoprecipitation with 147P from the
immunoprecipitates with anti-cyclin B1, endogenous cyclin B1 was first immunopreci-
pitated with anti-cyclin B1, washed three times, and then released from the beads by
incubating in the presence of 1% SDS. After the beads were discarded, supernatants were
diluted 10 times and then immunoprecipitated with anti-147P. In the assay shown in
Fig. 5e, bottom panel, anti-147P and agarose-conjugated anti-cyclin B1 or IgG were added
to the extracts. Supernatants were immunoblotted with horseradish peroxidase-conju-
gated anti-rabbit immunoglobulins (Amersham) and anti-cyclin B1 to detect anti-147P
and cyclin B1, respectively.
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The self-incompatibility response in Brassica allows recognition
and rejection of self-pollen by the stigmatic papillae. The trans-
membrane S-locus receptor kinase (SRK), a member of the
receptor-like kinase superfamily in plants, mediates recognition
of self-pollen on the female side1, whereas the S-locus cysteine-
rich protein (SCR) is the male component of the self-incompat-
ibility response2. SCR is presumably located in the pollen coat,
and is thought to be the SRK ligand2,3. Although many receptor-
like kinases have been isolated in plants, the mechanisms of signal
transduction mediated by these molecules remain largely
unknown. Here we show that SRK is phosphorylated in vivo
within one hour of self-pollination. We also show that, in vitro,
autophosphorylation of SRK is prevented by the stigma thior-
edoxin THL1 in the absence of a ligand. This inhibition is released
in a haplotype-specific manner by the addition of pollen coat
proteins. Our data indicate that SRK is inhibited by thioredoxins
and activated by pollen coat proteins.

To investigate the phosphorylation status of SRK during the self-
incompatibility reaction, we labelled pistils from self-incompatible
S3 homozygous Brassica oleracea plants with [32P]orthophosphate,
and monitored phosphorylation of the receptor during a self-
pollination time course. Physiological studies have shown that
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