
dilution heats, calorimetric data was analysed using the evaluation software MicroCal
Origin v5.0 (MicroCal Software). Negative binding results from ITC (for Arf×GDP,
Rho×GDP/GTP and Cdc42×GDP/GTP) were con®rmed by either ¯uorescence anisotropy
(using mant-nucleotide), surface plasmon resonance, or both.

Fluorescence anisotropy titrations

Competition experiments were performed using an ISS PC1 spectro¯uorimeter. All
measurements were taken at 20 8 C with lex = 366 nm. We viewed emission through a
KV399 cutoff ®lter, and recorded the measurements using the L format of the instrument.
Rac1 was loaded with either mant-GDP or mant-GMPPNP, and mixed with stoichio-
metric amounts of Araptin (dimer). The mixture was placed in the cuvette and titrated
against either Arf1×GDP, Arf1×GMPPNP, Rac1×GDP or Rac1×GMPPNP while the change in
¯uorescence anisotropy was monitored.
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the molecular mechanisms of cardiac excitation±contraction cou-
pling, and may have important implications for studying Ca2+

signalling in general. M

Methods
Confocal Ca2+ imaging

Enzymatically isolated adult rat ventricular myocytes were loaded with the Ca2+ indicator
¯uo-4-AM as described6,28. Confocal line-scan imaging was performed using a Zeiss LSM
410 or LSM510 confocal microscope equipped with an argon laser (488 nm) and a ´40,
1.3NA oil immersion objective. Line-scan images were acquired at sampling rates of 0.7 or
1.4 ms per line and 0.07 mm per pixel, with radial and axial resolutions of 0.4 and 1.0 mm,
respectively. Digital image analysis was performed using IDL software (Research Systems)
and customer-devised routines6,22. In SR-paralysed cells, local Ca2+ transients were indexed
by the normalized local ¯uorescence, F/F0 (F0 refers to the level before depolarization). In
cells with intact SR function, local Ca2+ transients were determined using the following
formula6:

�Ca2�
� � kdR=�kd=�Ca2�

�rest � 1 2 R�

where R = F/F0, the resting Ca2+ concentration [Ca2+]rest = 100 nM, and the dissociation
constant kd = 1.1 mM (in accordance with the value for ¯uo-3 in cells29).

Cell-attached patch clamp

Cell-attached patch clamps were established in either GQ-seal or loose-seal con®guration7,
with glass patch pipettes of 5±7 MQ. In GQ-seal patches, unitary Ca2+ currents were
recorded by using a cooled capacitor feedback headstage (CV203B) and an Axopatch 200 B
ampli®er (Axon Instruments). Current records were low-pass ®ltered at 1 kHz, digitized at
5 kHz, and are presented with leak and capacity currents eliminated by subtraction of
smooth functions, as described9. For loose-seal patch clamp experiments, membrane
potential was determined by proportionally dividing the test voltages between the pipette
resistance (5±7 MQ) and the seal resistance (20±50 MQ). The surface-charge shielding
effect by high Ca2+ or Ba2+ was not corrected.

Solutions

The standard patch pipette ®lling solution contained (in mM): 120 tetraethylammonium
chloride, 20 CaCl2, 0.01 tetrodotoxin, 0.01 FPL64176 and 10 HEPES, pH 7.4, unless
speci®ed otherwise. In experiments shown in Fig. 1, the extracellular solution outside the
patch membrane contained (in mM): 100 potassium aspartate, 40 KCl, 10 HEPES, 1
EGTA, 5 Mg2+-ATP, 10 caffeine and 0.01 thapsigargin, pH 7.3. In other experiments, the
standard superfusion solution contained (in mM): 135 NaCl, 1 CaCl2, 4 KCl, 1 MgCl2,
10 glucose, 10 HEPES, pH 7.4 . All experiments were performed at room temperature (23±
25 8C).

Statistics

Data were expressed as mean 6 s.e.m. Student's t-test, paired t-test and x2-test were
applied when appropriate. A P value less than 0.05 was considered statistically signi®cant.
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Stomata form pores on leaf surfaces that regulate the uptake of
CO2 for photosynthesis and the loss of water vapour during
transpiration1. An increase in the cytosolic concentration of free
calcium ions ([Ca2+]cyt) is a common intermediate in many of the
pathways leading to either opening or closure of the stomatal
pore2,3. This observation has prompted investigations into how
speci®city is controlled in calcium-based signalling systems in
plants. One possible explanation is that each stimulus generates a
unique increase in [Ca2+]cyt, or `calcium signature', that dictates
the outcome of the ®nal response4. It has been suggested that the
key to generating a calcium signature, and hence to understanding
how speci®city is controlled, is the ability to access differentially
the cellular machinery controlling calcium in¯ux and release
from internal stores2±5 . Here we report that sphingosine-1-
phosphate is a new calcium-mobilizing molecule in plants. We
show that after drought treatment sphingosine-1-phosphate
levels increase, and we present evidence that this molecule is
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involved in the signal-transduction pathway linking the percep-
tion of abscisic acid to reductions in guard cell turgor.

In animal cells, sphingosine-1-phosphate (S1P) has been
reported to be involved in the mediation of numerous cellular
responses including proliferation, survival, cytoskeletal organiza-
tion, motility, differentiation and neurite retraction and round-
ing6±8. As a ®rst step to establishing whether S1P is an endogenous
calcium-mobilizing compound in plants, we con®rmed its presence
in plant extracts. In animals, the predominant sphingoid base is
sphingosine (trans-4-sphingenine, d18:1 (ref. 4)) with lesser
amounts of sphinganine (d18:0) and 4-hydroxysphinganine
(t18:0)9. In contrast, sphingoid bases from plants are predominantly
sphinganine, 4-hydroxysphinganine and cis and trans isomers of 8-
sphingenine (d18:1 (ref. 8)), 4,8-sphingadiene (d18:2 (refs 4, 8))
and 4-hydroxy-8-sphingenine (t18:1 (ref. 10)). (Note that d and t
denote a dihydroxy and trihydroxy base, respectively.)

We extracted lipids from mature, fully expanded leaves of
Commelina communis. The lipid extract was fractionated by high-
performance liquid chromatography (LC) and the fraction corre-
sponding to S1P was eluted. The putative S1P fraction was subjected
to tandem mass spectrometry (MS/MS) in both positive and
negative ionization modes and the corresponding product ion
spectra were compared with those obtained using authentic S1P.
The positive-ion LC/MS/MS product ion spectrum of m/z 380
(M+H)+ from the lipid extract (Fig. 1a) matched the spectrum
obtained from authentic S1P (Fig. 1b). The negative-ion LC/MS/MS
product ion spectrum of m/z 378 (M-H)- from the lipid extract
showed a single peak at m/z 79 corresponding to the phosphoryl
group, matching that obtained from authentic S1P (data not
shown). The results of this experiment con®rmed the presence of
S1P in plants. Notably, our results also challenge the current
consensus that plants are devoid of sphingoid bases with the D4-
double bond10. We estimate that the levels of S1P in leaves range
from 5 to 46 pg per g dry weight (on the basis of a recovery of
,16%). In addition, when plants were subject to drought treat-
ments, we observed a 1.3±2.4-fold increase in S1P compared with
levels in well-watered controls in four out of six pairwise compari-
sons (see Supplementary Information Table 1). Although the
conditions for S1P extraction have yet to be fully optimized for
plant tissue, these data suggest that decreased water availability
might be associated with increased S1P levels in leaves.

We next tested the ability of S1P to modulate guard cell turgor by
measuring changes in stomatal apertures after incubation of epi-
dermal strips of C. communis in buffer containing S1P. S1P (4±
6 mM) promoted the closure of opened stomata (Fig. 2a). The effect

of S1P is reversible, as determined by wash-out experiments,
indicating that the observed effect was not due to irreversible
cytotoxicity. In addition, guard cells treated with S1P were mor-
phologically normal and showed a normal pattern of organelle
distribution, providing further evidence that the effect of S1P was
not due to cytotoxicity (data not shown). Studies using animal cells
showed that the presence of the D4-double bond is essential for S1P
to mediate its intracellular effects11. To test whether the effect of S1P
is speci®c and dependent on the D4-double bond, we used the
structurally similar sphingoid base, dihydro-S1P, which is derived
from S1P by hydrogenation of the D4-double bond. Dihydro-S1P
did not affect stomatal apertures (Fig. 2b), providing evidence that
the effect of S1P is speci®c and dependent on the presence of the D4-
double bond. Our results also indicate that dihydro-S1P can
function as an inactive analogue in stomatal guard cells, an
observation in good agreement with results obtained from animal
cell studies11.

In animal cells, the effect of S1P on cellular function is calcium
dependent6±8. As inclusion of 2 mM EGTA resulted in complete
abolition of the effect of S1P on stomatal aperture, the same
relationship holds in guard cells (Fig. 2c). To investigate the
involvement of calcium directly, we pressure-microinjected the
Ca2+-sensitive ¯uorescent indicator, Fura-2, into the cytosol of
single guard cells and measured changes in [Ca2+]cyt in response
to 6 mM (n � 4) and 50 mM (n � 6) S1P. The resting levels of
[Ca2+]cyt in these cells (n � 10) were 50±120 nM. When challenged
with 6 mM S1P, oscillations in [Ca2+]cyt were observed. The oscilla-
tions induced by 6 mM S1P were rapid and asymmetrical, with a
period of 3.8 6 0.4 min (n � 4) (Fig. 3a). The elevations in [Ca2+]cyt
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ranged from 30 to 50 nM above resting levels. Rapid and symmet-
rical oscillations in [Ca2+]cyt with a period of 2.8 6 0.2 min were
observed (n � 6) when guard cells were challenged with 50 mM S1P
(Fig. 3b). The elevations in [Ca2+]cyt induced by 50 mM S1P were
50±100 nM above resting levels. Although elevation in [Ca2+]cyt is
an integral downstream effect of S1P in all animal cell types
examined6±8, our data represent the ®rst report of S1P-induced
[Ca2+]cyt oscillations. Challenging guard cells with S1P induced
[Ca2+]cyt oscillations in every experiment we performed.

To determine whether the effect of S1P on guard cell [Ca2+]cyt is
speci®c, we challenged single guard cells, pressure-microinjected
with Fura-2 (n � 5) with 50 mM dihydro-S1P and measured
[Ca2+]cyt. Resting levels of [Ca2+]cyt in these cells were 80±120 nM,
and when challenged with dihydro-S1P no change in [Ca2+]cyt was
observed (n � 5). When these same cells were subsequently chal-
lenged with 1 mM Ca2+, a characteristic pattern of [Ca2+]cyt

oscillations12 was observed, demonstrating that these cells possessed
functional calcium homeostatic machinery (Fig. 3c). These results
show that, like other signals13±16, S1P induces closure of the stomatal
pore by generating an increase in [Ca2+]cyt. In the case of S1P the
increases take the form of oscillations in [Ca2+]cyt, which have a
period and amplitude characteristic of the concentration of S1P
used. There was a lag period of about 120 and 4 min after the
initiation of the oscillations in response to 6 mM (Fig. 3d) and
50 mM (Fig. 3e) S1P, respectively, before changes in stomatal
apertures were observed. These data point towards a physiological
role for oscillations in [Ca2+]cyt induced by S1P in mediating
changes in guard cell turgor.

As the regulation of stomatal turgor by abscisic acid (ABA)
involves an increase in [Ca2+]cyt (refs 17, 18), we next investigated
whether S1P is a component of the guard cell ABA signalling pathway.
We used DL-threo-dihydrosphingosine (DHS), which in animal cells
is a competitive inhibitor of sphingosine kinase19,20, to decrease
cellular S1P levels. On its own, DHS did not affect stomatal apertures.
However, in epidermal strips that had been pretreated with DHS, the
effect of ABA on stomatal closure was attenuated. The attenuation of
the ABA response was partial and dose dependent (Fig. 4a). In
another experiment, we tested the ability of DHS to attenuate the
effect of various concentrations of ABA ranging from 10-8 M to
10-5 M. Attenuation of the effect of ABA is partial, regardless of
the concentration of ABA used (Fig. 4b). This is in agreement
with the current understanding of an inherent redundancy in the
ABA signal-transduction pathway regulating guard cell turgor5.

In summary, we have provided a positive identi®cation of
sphingosine-1-phosphate in plants. We also present evidence that
the levels of S1P increase in leaves after drought and that S1P is a
calcium-mobilizing compound active in the signal-transduction
pathway linking ABA to reductions in stomatal aperture. Our
data also suggest that the messenger role of S1P is evolutionarily
conserved between animals and plants. M

Methods
Stomatal bioassay and [Ca2+]cyt measurements

Commelina communis L. plants were grown from seed at 20±25 8C, and stomatal aperture
bioassays using isolated abaxial epidermal peels were conducted as described15±17. We
measured guard cell [Ca2+]cyt as described12.

Lipid extraction and analysis

Lipid was extracted from mature, fully expanded leaves. Freshly harvested leaves (20 g)
were homogenized with liquid N2. The homogenate was extracted with 100 ml of ice-cold
1:2 chloroform:methanol (v/v) for 45 min under constant agitation and ®ltered. We added
48 ml of chloroform, 48 ml of 1 M KCl and 2 ml of 10% NH4OH to the ®ltrate and mixed it
thoroughly. Phases were separated by centrifugation and the upper alkaline phase was
retained, to which 80 ml of chloroform and 4 ml of concentrated HCl were added. The
sample was mixed thoroughly, and the phases were separated by centrifugation. The
resultant upper phase was discarded, and the lower chloroform phase was retained. The
chloroform was evaporated to dryness, and the sample was kept at -20 8C for analysis.

The extracted lipids were analysed by atmospheric pressure ionization (API) liquid
chromatography (LC) tandem mass spectrometry (MS/MS). Both LC/MS and LC/MS/MS
experiments were performed on a HP1050 liquid chromatograph with a quaternary
solvent delivery system, coupled to a SCIEX (Thornhill, Ontario, Canada) API III+ triple
quadrupole mass spectrometer equipped with an API source, through an IonSpray (ISP)
interface. High-purity nitrogen was used as the curtain gas in the API source at a ¯ow rate
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of 0.8 l min-1. LC conditions were Vydac C4 protein HPLC column (15 cm ´ 4.6 mm i.d.)
using an acetonitrile:water:tetrahydrofuran gradient at 1 ml min-1. For this interface, the
column ef¯uent was split using a zero-dead-volume T connector, with a split ratio of 25:1
determined by the length of a fused silica capillary on the waste side of the T. The
remainder of the column ef¯uent was fed to the transfer line of the interface. The ISP
needle was maintained at 5.5 kV. High-purity nitrogen was used as the nebulizing gas at a
¯ow rate of 0.6 l min-1. A Macintosh Quadra900 computer was used for instrument
control, data acquisition and data processing. A dwell time of 10 ms Da-1 was used for full-
scan (m/z 50±400) LC/MS analyses.

MS/MS measurements were based on collision-induced dissociations (CID) within the
radiofrequency-only quadrupole at a collision energy of 30 eV. Argon was used as the
collision gas at an indicated thickness of 220. Extraction ef®ciency was obtained from
replicate spiking experiments and was determined ,16%.

For drought experiments, water was withheld for a total of 11 days. Leaves were
harvested at the end of the 11-day drought period. Parallel control samples were harvested
from well-watered plants. A 11-day drought period resulted in a signi®cant reduction in
the fresh weight/dry weight ratio compared with well-watered controls (P , 0.001, t test).
Lipids were extracted from leaf samples from well-watered plants and plants subjected to a
drought treatment. S1P levels were quanti®ed by LC/MS as described above. Estimation of
S1P levels in the lipid extracts was based on a linear calibration (r2 � 0:996) obtained from
areas under peaks of LC/MS analysis of known concentrations of authentic S1P. S1P levels
are expressed in terms of dry weight of leaves based on linear calibrations of fresh weight
versus dry weight from well-watered control plants (r2 � 1:000) and plants subjected to
the drought treatment (r2 � 0:999).

Preparation of sphingolipid solutions

S1P, dihydro-S1P and DHS were obtained from Biomol (Plymouth Meeting, Pennsylva-
nia, USA) and stock solutions were prepared in methanol (S1P and dihydro-S1P) or
ethanol (DHS).
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Secreted signalling molecules of the Hedgehog (Hh) family have
many essential patterning roles during development of diverse
organisms including Drosophila and humans1,2. Although Hedge-
hog proteins most commonly affect cell fate, they can also
stimulate cell proliferation. In humans several distinctive cancers,
including basal-cell carcinoma, result from mutations that aber-
rantly activate Hh signal transduction3. In Drosophila, Hh directly
stimulates proliferation of ovarian somatic cells4±6. Here we show
that Hh acts speci®cally on stem cells in the Drosophila ovary.
These cells cannot proliferate as stem cells in the absence of Hh
signalling, whereas excessive Hh signalling produces supernu-
merary stem cells. We deduce that Hh is a stem-cell factor and
suggest that human cancers due to excessive Hh signalling might
result from aberrant expansion of stem cell pools.

In adult Drosophila females, egg chambers are produced con-
tinuously in the germarium of each of the 15±18 ovarioles that are
bundled together to form an ovary7. In regions 1 and 2a of the
germarium, 16-cell germline cysts develop from germline stem cells
(Fig. 1). Each cyst is enveloped by a monolayer of follicle cells in
region 2b and separated from the next cyst by a short stalk as it buds
from region 3 to form an egg chamber. Follicle and stalk cells derive
from somatic stem cells that reside at the region 2a/2b border8.
When a somatic stem cell divides, one daughter retains a stem cell
identity and continues to divide as a stem cell for several days8. The
other, `pre-follicle cell' daughter proliferates for about eight cycles as
its progeny associate with germline cysts, pass posteriorly down the
ovariole over a 5±6-day period, and differentiate into multiple
specialized cell types7,8. Hedgehog (Hh) is expressed selectively in
specialized non-proliferating, somatic `terminal ®lament' and `cap'
cells at the anterior tip of the germarium4 (Fig. 1). Inactivation of
Hh, using conditional hh alleles, arrests egg chamber budding, and
causes germline cysts to accumulate in swollen germaria, suggesting
that too few follicle cells are being produced4. Conversely, excessive
Hh signalling in germarial region 2 can be induced by temporally
controlled activation of an hh transgene or by inactivation of the Hh
receptor Patched (Ptc), and causes marked overproliferation of
somatic cells, which accumulate between egg chambers4±6 (Fig. 2).

We investigated the proliferative response to excessive Hh signal

Terminal
filament

Cap
cell

Somatic
stem cell 2–3 days

1
2a 2b

3

Germline
stem cell

Hedgehog (Hh)

Figure 1 The Drosophila germarium. Regions 1 and 2a contain large proliferating

germline stem cells (yellow), cystoblasts and cystocyte clusters (shaded), and smaller

non-proliferating somatic cells. Somatic stem cells (green) renew and produce pre-follicle

daughter cells (colourless), which divide roughly ®ve times in the germarium (,50 h),

three more times up to stage 6 (,30 h) and then arrest before differentiation, and exit

from the ovariole (,30 h later). Hedgehog-producing cells and the oocyte are coloured

red and blue respectively.
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Most multicellular organisms use steroids as signalling molecules
for physiological and developmental regulation. Two different
modes of steroid action have been described in animal systems:
the well-studied gene regulation response mediated by nuclear
receptors1,2, and the rapid non-genomic responses mediated by
proposed membrane-bound receptors3,4. Plant genomes do not
seem to encode members of the nuclear receptor superfamily5.
However, a transmembrane receptor kinase, brassinosteroid-
insensitive1 (BRI1), has been implicated in brassinosteroid
responses6,7. Here we show that BRI1 functions as a receptor of
brassinolide, the most active brassinosteroid. The number of
brassinolide-binding sites and the degree of response to brassi-
nolide depend on the level of BRI1 protein. The brassinolide-
binding activity co-immunoprecipitates with BRI1, and requires a
functional BRI1 extracellular domain. Moreover, treatment of
Arabidopsis seedlings with brassinolide induces autophosphory-
lation of BRI1, which, together with our binding studies, shows
that BRI1 is a receptor kinase that transduces steroid signals
across the plasma membrane.

Brassinosteroids (BRs) are involved in a wide range of plant
developmental processes8. Mutant plants de®cient in BR biosynthe-
sis, such as det2, show phenotypes of dwar®sm, delayed senescence,
reduced fertility, and light-independent development9,10. Mutations
in the BRI1 gene cause BR-insensitivity and morphological pheno-
types nearly identical to BR biosynthetic mutants, suggesting an
important and speci®c role for BRI1 in BR perception or signal
transduction11,12. The BRI1 gene encodes a receptor kinase that has
an extracellular domain containing 25 leucine-rich repeats (LRRs),
which are interrupted by a 70-amino-acid island, a transmembrane
domain, and a cytoplasmic kinase domain with serine/threonine
speci®city6,13. The structure of BRI1 and its plasma membrane
localization13 support the hypothesis that BRI1 interacts with an
extracellular ligand, which is either BR itself or a secondary signal
generated by BR perception, and the signal is transduced through
the kinase. Consistent with this hypothesis, recent studies using a
chimaeric receptor approach showed that the extracellular domain
of BRI1 could confer brassinolide (BL) responsiveness to the
intracellular kinase domain of a heterologous LRR kinase7.

To test whether BL is the ligand that directly activates the BRI1
receptor kinase, we ®rst analysed the effect of overexpression of
BRI1 on BL binding activity in membrane fractions. Transgenic
Arabidopsis plants overexpressing a BRI1±GFP fusion protein13

(GFP, green ¯uorescent protein) showed reduced inhibition of
hypocotyl growth by a BR biosynthesis inhibitor14 (Fig. 1a, b).
They also had longer petioles, similar to plants overexpressing the
BR biosynthetic enzyme DWF415 (Z.W. and J.C., unpublished data)
(Fig. 1c). These phenotypes are consistent with the interpretation
that overexpression of the BRI1±GFP protein increases the response
of Arabidopsis to BRs. We observed a dramatic increase of BL
binding activity in the membrane fractions of the BRI1±GFP
transgenic plants (Fig. 1d). The increase of binding was due to an
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increase of binding sites (maximum number of binding sites, Bmax �

2:66 pmol per mg membrane protein compared to 0.23 pmol per mg
membrane protein), with similar binding af®nities (dissociation
constant Kd = 7.4 6 0.9 nM compared to 10.8 6 3.2 nM) (Fig. 1e).
Such Kd values are consistent with physiological concentrations of
BL16,17 and coincide with the BL concentration that induces 50% of
the maximum growth response in BL-de®cient mutants9.

We determined the speci®city of the BL binding activity by
comparing the relative binding af®nity for several steroid
compounds in binding competition assays (Fig. 1f). Binding of
[3H]-BL to the membrane fraction of BRI1±GFP plants was
effectively competed by unlabelled BL (50% inhibition concentra-
tion, IC50, 80 nM), less effectively by castasterone (IC50, 340 nM),
and not competed by 2,3,22,23-O-tetramethylbrassinolide (Me-BL;
IC50 . 10 mM) and ecdysone (IC50 . 10 mM). The relative binding
af®nity (the ratio between IC50 of a competitor and that of BL) of
castasterone is about 4±5 times lower than BL, and this is
consistent with castasterone being about 5 times less active than
BL in bioassays18. The lack of competition by Me-BL and
ecdysone is consistent with their lack of biological activity in
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Figure 1 Overexpression of BRI1±GFP increases cell elongation and increases the

number of brassinolide (BL) binding sites in membrane fractions. a, Proteins from wild-

type and BRI1±GFP transgenic plants probed with anti-BRI1N antibody after western

blotting. N, a cleaved fragment of BRI1's extracellular domain. Asterisks, non-speci®c

bands. b, Wild-type (WT) and BRI1±GFP plants grown on 2 mM brassinazole in the dark

for 6 d. c, A wild-type plant, a BRI1±GFP transgenic plant, and a mutant plant

overexpressing the DWF4 gene (35SE-DWF4) grown for 45 d in cycles of 9 h light/15 h

dark. d, Speci®c [3H]-BL binding to microsomal fractions of wild-type (WT) and BRI1±GFP

plants was determined by subtracting the binding in the presence of 100-fold unlabelled

BL from the total binding in the absence of cold competitor. Representative data of one of

three repeat experiments are shown. e, Scatchard plot of the binding data in d. The Kd

values were calculated from data of three experiments, with correlation coef®cient R 2 =

0.998 for BRI1±GFP and 0.983 for wild-type samples. f, Competition for [3H]-BL binding

to membrane fractions of BRI1±GFP plants by brassinolide, castasterone, ecdysone and

2,3,22,23-O-tetramethylbrassinolide. Structures of the competitors are shown.
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Figure 2 BRI1 binds to BL. a, Proteins immunoprecipitated with anti-GFP antibodies from

extracts of wild-type or BRI1±GFP plants were assayed for [3H]-BL binding activity in the

absence (open bars) or presence (®lled bars) of 5 mM unlabelled BL. No protein, binding

assays with protein A beads as control. b, Speci®c and saturation [3H]-BL binding to

immunoprecipitated BRI1±GFP protein. c, Mutations in the extracellular domain of BRI1,

but not the kinase domain, reduce BL binding. Speci®c [3H]-BL binding to microsomal

fractions of wild type (WT), det2, bri1-6, bri1-116, bri1-104 and bri1-102 mutant plants.

Data were normalized to the relative BRI1 protein levels determined by quantitative

western blotting (d), except for bri1-116. d, Protein immunoblot showing the BRI1 protein

levels in the membrane fractions used in the binding assays of c. Varying loading of the

wild-type sample was used to generate a standard curve, which was used to determine

the relative level of BRI1 in the bri1 mutant samples (6 ml per lane).
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plants19 (S.F., unpublished results). Such a speci®city and high
af®nity for biologically active BRs indicate that this BL binding
activity accounts for the BL-induced biological responses.

A speci®c BL binding activity was detected after the BRI1±GFP
proteins were immunoprecipitated using anti-GFP antibodies
(Fig. 2a, b). No speci®c BL binding activity was immunoprecipi-
tated from wild-type Arabidopsis plants using the same antibodies
(Fig. 2a), indicating that the BL binding activity is speci®c to the
BRI1±GFP protein. The immunoprecipitated binding activity has a
similar dissociation constant (Kd = 15.2 6 5 nM) as determined for
membrane fractions (Fig. 2b). These results show that BRI1 either
binds BL directly or is a limiting component of a receptor complex
for BL in plant cells.

Mutations in large numbers of bri1 alleles implicate the func-
tional importance of the cytoplasmic kinase domain and the 70-
amino-acid island of BRI1's extracellular domain6,13,17. We found
that bri1 mutants with missense mutations in the kinase domain
(bri1-104, Ala1031Thr) or in a region of the extracellular domain
near the transmembrane domain (bri1-102, Thr750Ile) have BL
binding activities similar to wild type and the biosynthetic mutant
det2 (Fig. 2c, d). In contrast, a missense mutation (bri1-6,
Gly644Asp) and a nonsense mutation that results in a truncated
protein at position Gln 583 (bri1-116), both in the 70-amino-acid
island region, greatly reduced the BL binding activity (Fig. 2c, d).
These results provide direct evidence that the 70-amino-acid island
region of BRI1's extracellular domain is required for BL binding to
the receptor on the cell membrane.

We tested whether BL-binding activates BRI1's kinase. Receptor
activation often involves auto-phosphorylation, which can lead to a

change of mobility in SDS±polyacrylamide gel electrophoresis
(PAGE). Arabidopsis seedlings grown in the presence of the BR
biosynthetic inhibitor brassinazole were treated with BL and ana-
lysed by immunoblotting (Fig. 3). Treatment of wild-type seedlings
with 1 mM BL for 1 h caused a shift of BRI1 from a faster to a slower
migrating band, compared with an untreated sample or a sample
treated with mock solution (Fig. 3a). Phosphatase treatment of the
BL-treated samples shifted the slower band back to the fast migrat-
ing band, suggesting that the shift of mobility represents BRI1
phosphorylation (Fig. 3b). We also observed such a BL-induced
BRI1 mobility shift in the BL biosynthetic mutant det2, but not in
the bri1-117 mutant (Fig. 3c), which contains a mutation that
abolishes BRI1's in vitro kinase activity (data not shown). Our data
indicate that BL induction of BRI1 phosphorylation requires the
kinase activity of BRI1, suggesting that BL-binding induces autop-
hosphorylation of BRI1.

Our identi®cation of the receptor kinase BRI1 as a plant steroid
receptor illustrates the function of a member of the largest family of
receptor kinases in Arabidopsis. The Arabidopsis genome sequence
revealed 174 LRR-receptor kinases5, of which only a few are known
for their biological functions20±22, and only one, CLV1, has been
characterized at the biochemical level20. The mechanism by which
BRI1 kinase is activated by ligand binding may be shared by other
LRR-receptor kinases, as suggested by the BR activation of a BRI1-
Xa21 chimaeric receptor7. However, BRI1 seems to differ from
CLV1, which has recently been shown to require its own kinase
activity for binding to its peptide ligand20.

Our results also reveal a new mechanism of steroid signalling.
Steroid hormones are generally known to pass freely across plasma
membranes into animal cells, where they bind to members of the
nuclear receptor superfamily of ligand-dependent transcription
factors1,2. In contrast, the Arabidopsis genome does not seem to
encode members of this family of proteins5. The near identical
phenotypes of bri1 to BR-biosynthetic mutants and our results
presented here indicate that plants perceive steroids at the cell
surface and that BRI1 is likely to be the primary BR receptor in
Arabidopsis. A similar BL signalling mechanism is apparently con-
served in other plants, as a homologue of BRI1 was shown recently
to be required for BR responses in rice23. Such a cell-surface
signalling mechanism may not be unique to plant steroids. In
fact, membrane-initiated steroid responses have been observed in
many animal systems, and signalling molecules such as calcium,
inositol phosphates, cyclic AMP, G proteins and various kinases
have been implicated3. However, little is known about the mem-
brane-bound steroid receptors that initiate these signalling cascades
in animal cells4. Considering the conservation of the steroid
biosynthetic enzymes24 and similar roles of steroids in growth and
differentiation in plants and animals, it will be interesting to see if a
similar membrane-based steroid signalling mechanism exists in
both the animal and plant kingdoms. M

Methods
BL-binding assays

Tritium-labelled BL was made by American RadioChemicals using tritium reduction of
25,26-dehydrobrassinolide25. The speci®c activity of [3H]-BL was estimated to be
50 Ci mmol-1, and the correct structure was con®rmed by tritium NMR analysis.
Biological activity of the [3H]-BL was determined by rescue of the det2 mutant (data not
shown). Plant microsomal fractions were prepared from Arabidopsis seedlings grown in a
cycle of 9 h light/15 h dark for about 6 weeks, following a protocol described previously7.
Membrane pellets were resuspended at a protein concentration of 2 mg ml-1 in BL-binding
buffer (0.25 M mannitol, 10 mM Tris-2-[N-morpholino] ethanesulphonic acid (MES),
pH 5.7, 5 mM MgCl2, 0.1 mM CaCl2, and protease inhibitor cocktail (Sigma). Each BL
binding assay contains 50 ml membrane suspensions, 50 nM or indicated amount of [3H]-
BL, without or with 100-fold excess unlabelled BL or indicated amount of unlabelled
steroids, 1 mg ml-1 BSA and BL-binding buffer in 100 ml total volume. The binding
reactions were incubated for 1 h or indicated time at 25 8C. The bound and free [3H]-BL
were separated by ®ltering the mixture through a glass-®bre ®lter (Whatman, GF/F) and
washing with 10 ml ice-cold BL-binding buffer, and were quanti®ed by scintillation
counting. Binding kinetic studies showed that the speci®c BL binding reaches equilibrium
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Figure 3 BL induces phosphorylation of BRI1 in plants. a, Five-day-old wild-type

seedlings grown in the dark on medium containing 1 mM brassinazole were untreated (-),

treated with 1 mM BL in water (BL), or with water only (H2O) for 1 h. Proteins were

analysed by 4% SDS±PAGE, blotted, and probed with anti-BRI1N antibody. b, Proteins of

the BL-treated wild-type sample were treated with alkaline phosphatase (CIP), and

analysed by western blotting as in a. c, A mutation in the kinase domain abolishes BL-

activation of BRI1 phosphorylation. The det2 and bri1-117 mutant seedlings were treated

and analysed as in a. N, cleavage product of BRI1's extracellular domain.
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within 15 min of incubation; the binding is highly reversible and 50% competition by
unlabelled BL was achieved in less than 1 min (data not shown). For binding assays with
immunoprecipitated proteins, proteins were extracted with BRI1 extraction buffer (2 ml
per g tissue) (50 mM Tris-HCl, pH 7.5, 10 mM NaCl, 5 mM EDTA, 1% Triton X-100, and
protease inhibitor cocktail), and GFP-tagged proteins were immunoprecipitated using
anti-GFP antibodies (Molecular Probes, 1 ml per ml extract) and protein A agarose beads
(10 ml per ml extract, Pierce). BL binding assays with immunoprecipitant/agarose beads
were under the same conditions as for membrane fractions. Speci®c binding was
determined by subtracting the binding in the presence of 100 fold unlabelled BL from total
binding. Binding data were analysed and plotted using KaleidaGraph software (Synergy
Software).

Immunoblotting and assays for BL-induced BRI1 phosphorylation

A peptide containing the ®rst 106 amino acids of BRI1 (excluding the signal peptide) was
expressed in Escherichia coli and puri®ed as a maltose binding protein (MBP) fusion. This
MBP±BRI1N fusion protein was used as an antigen for generating the anti-BRI1N
antibodies in rabbits, and for af®nity puri®cation of the antibodies. The identities of the
BRI1-containing bands detected by the anti-BRI1N antibodies on immunoblots were
determined by comparing wild type, BRI1±GFP and bri1-116 (a nonsense mutant)
samples. To test BL induction of BRI1 phosphorylation, Arabidopsis seedlings were grown
on MS medium plates containing 1 mM brassinazole in the dark for 4 d, submerged in
water or in 1 mM BL solution for 1 min, then put back on MS plates without or with 1 mM
BL for 1 h. Samples were analysed by SDS±PAGE using 4% gels and western blotting as
described above7. For phosphatase treatment, SDS was removed from protein samples
using the SDS-OUT kit (Pierce), and the proteins were then treated with alkaline
phosphatase (Boehringer Mannheim) under conditions recommended by the manufac-
turer and described elsewhere26.
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Proteins containing AT hooks bind A/T-rich DNA through a nine-
amino-acid motif and are thought to co-regulate transcription by
modifying the architecture of DNA, thereby enhancing the acces-
sibility of promoters to transcription factors1,2. Here we describe
AKNA, a human AT-hook protein that directly binds the A/T-rich
regulatory elements of the promoters of CD40 and CD40 ligand
(CD40L) and coordinately regulates their expression. Consistent
with its function, AKNA is a nuclear protein that contains multi-
ple PEST protein-cleavage motifs, which are common in regula-
tory proteins with high turnover rates3. AKNA is mainly expressed
by B and T lymphocytes, natural killer cells and dendritic cells.
During B-lymphocyte differentiation, AKNA is mainly expressed
by germinal centre B lymphocytes, a stage in which receptor and
ligand interactions are crucial for B-lymphocyte maturation4±12.
Our ®ndings show that an AT-hook molecule can coordinately
regulate the expression of a key receptor and its ligand, and point
towards a molecular mechanism that explains homotypic cell
interactions.

Earlier studies of lymphocyte maturation indicated the possible
existence of stage-speci®c molecules that could regulate ligand and
receptor gene expression12±15. To test this hypothesis, we per-
formed a polymerase chain reaction with reverse transcriptase
(RT±PCR) differential display16, using RNA from pure human B-
lymphocyte subsets9. PCR products were puri®ed, cloned,
sequenced and compared against gene databases17, revealing that
seven of the twelve PCR clones were known genes. AKNA and
another protein, PRELI18, were differentially expressed by germinal
centre B lymphocytes and were among the ®ve new complementary
DNAs.

Northern blotting revealed a 4-kilobase (kb) AKNA messenger
RNA predominantly expressed by lymphoid tissues (Fig. 1). The
expression was highest in the spleen, lymph nodes and peripheral
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