
response to a 908 grating from that to a 08 grating. For stimuli undergoing non-orthogonal
motion, both the orientation and the axis of motion were different by 908 between the
subtracted stimuli. For example, the response to a texture with 458 oriented bars moving
horizontally was subtracted from the response to a texture with 1358 oriented bars moving
vertically. Results obtained with difference imaging were verified with single-condition
imaging by subtracting the response to a blank screen from the stimulus-driven response
(see Supplementary Fig. 6).

Optical map analysis
To interpret the patterns of activity evoked by various stimulus configurations, we
developed a population response profile that captured the relative activation of each pixel
in the region of interest and expressed these values in terms of the pixel’s preferred
orientation assessed with gratings. Grating images obtained for four to eight orientations
were low-pass and high-pass filtered and vector-summed to produce referent grating-
angle maps9. To compute a population response profile for a given stimulus, the difference
image for that stimulus was assigned a threshold at the mean grey value and each pixel
above the threshold was weighted (greyscale value minus threshold). On the basis of each
pixel’s preferred grating orientation, the weighted pixel values were summed into nine 208

angle bins (from 08 to 1808) and normalized to the highest count across conditions (for
example, across length or speed). The resulting histograms were fitted with gaussian
functions and the peak and width of the response were determined along with the R 2 value
of the best-fit gaussian function. For direct comparison between any two images, the two-
dimensional correlation coefficient (R) between the two (high-pass and low-pass filtered)
images was determined with the Matlab Image Processing Toolbox (Mathworks, Natick,
Massachusetts). This value was then squared and reported as the more intuitive coefficient
of determination (R 2).

Difference images shown in figures were high-pass filtered and a region of interest was
selected for demonstration purposes. The region of interest was selected as the region of
the image that showed both a strong response and a representative shift with change in
stimulus conditions. Contour overlays were prepared by superimposing iso-orientation
contours from a referent grating-angle map over a filtered and re-clipped (to ^2 s.d.)
texture, dot or grating difference image.

Electrophysiology
Single and multiple units were recorded extracellularly from V1 with a tungsten
microelectrode (impedance 8–14 MQ). Action potentials were recorded from the
superficial layers (,400 mm) and discriminated by using Spike2 software (Cambridge
Electronic Design, Cambridge, UK). Orientation and direction tuning functions were
obtained for each site by panning a bar (408 £ 0.48) across the receptive field. Tuning
curves for textures or dots were obtained by panning full-field textures (at eight
orientations) or a field of dots in 16 directions (at 22.58 intervals). For non-orthogonal
motion, the offset between bar orientation and direction of motion was 458. For the
single-bar experiments, the centre and size of the minimal discharge field were
determined by using a small orthogonally drifting bar. A square-wave bar of varying length
was then moved non-orthogonally such that it always passed through the centre of the
receptive field. In some cases, 3–10 speeds were randomized within the direction tuning
experiment. Action potentials were counted for the entire stimulus duration (1–2 s). Offline
spike sorting and tuning analysis was performed with custom-written Spike2 software.
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Signalling by intracellular second messengers such as cyclic
nucleotides and Ca21 is known to regulate attractive and repul-
sive guidance of axons by extracellular factors1,2. However, the
mechanism of interaction among these second messengers in
determining the polarity of the guidance response is largely
unknown. Here, we report that the ratio of cyclic AMP to cyclic
GMP activities sets the polarity of netrin-1-induced axon guid-
ance: high ratios favour attraction, whereas low ratios favour
repulsion. Whole-cell recordings of Ca21 currents at Xenopus
spinal neuron growth cones indicate that cyclic nucleotide
signalling directly modulates the activity of L-type Ca21 channels
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(LCCs) in axonal growth cones. Furthermore, cGMP signalling
activated by an arachidonate 12-lipoxygenase metabolite3 sup-
presses LCC activity triggered by netrin-1, and is required for
growth-cone repulsion mediated by the DCC–UNC5 receptor
complex4. By linking cAMP and cGMP signalling and modulation
of Ca21 channel activity in growth cones, these findings delineate
an early membrane-associated event responsible for signal trans-
duction during bi-directional axon guidance.

A gradient of netrin-1 induces chemoattraction of Xenopus spinal
neuron growth cones by means of the netrin-1 receptor deleted in
colorectal cancer (DCC)5, whereas overexpression of another
netrin-1 receptor (UNC5) in these neurons causes netrin-1 to
induce chemorepulsion through the DCC–UNC5 receptor com-
plex4. In neurons not overexpressing UNC5, the DCC-mediated
attraction is converted to repulsion when cAMP signalling is
blocked by the membrane-permeable cAMP antagonist Rp-cAMPS
or the protein kinase A (PKA) inhibitor KT5720 (ref. 6). The
association between cyclic nucleotide signalling and DCC–UNC5-
mediated repulsion is not known.

We therefore examined the relationship between cAMP and
cGMP signalling on DCC-mediated attraction in control neurons,
and on DCC–UNC5-mediated repulsion in UNC5H2-overexpres-
sing neurons. In control neurons, bath application of KT5720
(200 nM) converted DCC-mediated attraction to repulsion
(Fig. 1a, c)6, and this repulsion was abolished by the membrane-
permeable cGMP analogue 8-bromo-cGMP (8-Br-cGMP, 20 mM)
(Fig. 1a, c). Bath-application of 8-Br-cGMP or S-nitroso-N-acetyl-
penicillamine (SNAP, 300 mM), a nitric oxide donor known to

elevate the cytosolic cGMP level7, completely converted DCC-
mediated attraction to repulsion (Fig. 1a, right panel, c). However,
at a higher concentration of 8-Br-cGMP (100 mM), we found that
the attractive response was not affected, consistent with an earlier
report8 (Supplementary Information). Thus, the modulatory effects
of 8-Br-cGMP seem to be dose dependent, and netrin-1-induced
turning responses might be regulated by both cAMP and cGMP. For
DCC–UNC5-mediated repulsion, bath application of KT5720
abolished the repulsion induced by a netrin-1 gradient (Fig. 1b,
c), although it had no significant effect on semaphorin 3A
(Sema3A)-induced repulsion8 (Fig. 1c). Furthermore, application
of the protein kinase G (PKG) inhibitor KT5823 (750 nM) con-
verted DCC–UNC5-mediated repulsion to attraction (Fig. 1b, c),
whereas DCC-mediated attraction in control neurons was not
significantly affected (Fig. 1c). Taken together, these results indicate
that cGMP signalling has a major regulatory role in netrin-1-
induced repulsion, whereas cAMP signalling modulates both
DCC- and DCC–UNC5-mediated attraction and repulsion,
respectively. Because cAMP signalling did not affect neuropilin-1
(NP-1)-mediated repulsion induced by Sema3A (Fig. 1c and ref. 9),
the dependence on cyclic nucleotide signalling pathways might
differ among different types of repulsive signals.

To address the relative roles of cAMP- and cGMP-dependent
pathways in growth-cone guidance by netrin-1, we systematically
varied the ratio of the membrane-permeable cyclic nucleotide
analogues Sp-8-Br-cAMPS and 8-Br-cGMP, while maintaining
their total concentration at 10 mM. As shown in Fig. 1d, as the
ratio of the concentration of [Sp-8-Br-cAMPS]/[8-Br-cGMP]

Figure 1 cAMP/cGMP signalling-dependent bi-directional growth-cone turning induced

by netrin-1. a, b, Growth cones of DCC-expressing5 (DCC) and UNC5H2-overexpressing4

(DCC–UNC5) neurons before (0 h) and after (1 h) exposure to a netrin-1 gradient (arrows)4

under various conditions (left panels). Traces depict the trajectories of neurite extension

after each assay. The right panels show the distribution of turning angles for all neurons

examined. Scale bars, 10 mm. c, Average turning angles for each assay. The column

labelled ‘blank’ indicates that netrin-1 was omitted in the pipette. Significant differences

from the control group are indicated (asterisk, P , 0.05; double asterisk, P , 0.01;

Mann–Whitney U-test). d, Average turning angles of DCC neurons after exposure to a

netrin-1 gradient at different [Sp-8-Br-cAMPS]/[8-Br-cGMP] ratios in the bath. Samples

of neurite trajectories are shown (insets). Significant differences between the ratios are

indicated (asterisk, P , 0.05; Kolmogorov–Smirnov test). Numbers in parentheses

indicate the total number of growth cones examined. Error bars indicate standard error of

the mean (s.e.m.).
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decreased, growth-cone turning induced by the netrin-1 gradient
shifted from attraction to repulsion. A significant shift in turning
behaviour was observed when one cyclic nucleotide was at least
threefold in excess of the other, whereas a ninefold excess of [Sp-8-
Br-cAMPS] or [8-Br-cGMP] ensured a significant attractive or
repulsive response, respectively (Fig. 1d, see also Supplementary
Information). The turning responses correlate with the ratio of
cAMP and cGMP signalling: a high [cAMP]/[cGMP] ratio favours
attraction, whereas a low ratio favours repulsion. Such second-
messenger-dependent bi-directional behaviour is reminiscent of the
dependence of synaptic potentiation/depression on stimulus fre-
quency or postsynaptic Ca2þ levels, as described by the Bienen-
stock–Cooper–Munro theory of synaptic plasticity10–12. The
dependence of growth-cone turning on the ratio of [cAMP] to
[cGMP] could also account for the observations described earlier on
DCC- and DCC–UNC5-mediated turning responses, and are con-
sistent with the modulation of signal transduction pathways by
these cyclic nucleotides.

How do cAMP and cGMP signalling pathways modulate netrin-1

signals? We have demonstrated previously that in Xenopus neurons,
netrin-1-induced attraction requires Ca2þ entry through voltage-
dependent Ca2þ channels (VDCCs) including LCCs2, which are
known to be activated by cAMP but inactivated by cGMP signalling
pathways13,14. Recent studies of Xenopus neurons demonstrated that
spontaneous Ca2þ spikes, which depend on Ca2þ entry through
VDCCs and Ca2þ release through ryanodine receptors (RyRs)15,
correlate with transient changes in the intracellular concentration of
cAMP16. Therefore, we measured Ca2þ channel activity by whole-
cell voltage-clamp recordings of growth cones (Fig. 2a). In control
growth cones, netrin-1 induced a marked increase in the amplitude
of L-type Ca2þ currents, as revealed by the magnitude of nimodi-
pine-sensitive (20 mM) inward currents observed in response to
depolarizing voltage steps17 in the presence of tetrodotoxin (TTX),
caesium ions (Cs) and tetraethylammonium (TEA) (Fig. 2b, c, e; see
Methods). These increases in Ca2þ currents were not observed at the
soma in the presence of a netrin-1 gradient towards the growth cone
(Fig. 2b; see also Supplementary Information). In contrast to that
found in control neurons, netrin-1 significantly decreased Ca2þ

Figure 2 cAMP/cGMP signalling-dependent modulation of LCC activity induced by

netrin-1. a, Phase-contrast image of a Xenopus spinal neuron. G, growth cone; S, soma;

N, netrin-1 pipette; Rec, recording pipette. b, Sample traces of Ca2þ currents in response

to voltage steps (240 toþ40 mV) in the absence (2netrin-1) or presence (þnetrin-1) of

a netrin-1 gradient, recorded from the growth cone before (left) and after (centre) addition

of nimodipine (20 mM), or from the soma (right). c, d, Sample traces of Ca2þ currents

(inset), summaries of I/V relationship (left) and cumulative distribution of the peak Ca2þ

currents (right) measured in DCC and DCC–UNC5 neurons. e, Average peak amplitude of

Ca2þ currents in DCC, DCC–UNC5 or NP-1 neurons in the absence or presence of a

netrin-1 or Sema3A gradient. The column labelled ‘blank’ indicates no netrin-1 gradient.

Significance test as in Fig. 1c. Scales; 500 pA, 20 ms.
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currents through LCCs in the growth cones of UNC5-overexpres-
sing neurons (Fig. 2d, e). However, application of Sema3A had no
effect on Ca2þ currents in these neurons (Fig. 2e). Notably, bath
application of either 8-Br-cGMP or KT5720 reduced Ca2þ currents
in control neurons either in the presence or absence of netrin-1
(Fig. 2c, e), similar to that found in netrin-1-treated UNC5-over-
expressing neurons (Fig. 2d, e). Consistently, bath application of
KT5823 significantly rescued Ca2þ currents in UNC5-overexpres-
sing neurons (Fig. 2d, e). Thus, a constitutive level of cAMP
signalling is required to maintain the basal activity of LCCs in
control neurons. Moreover, conditions that trigger attractive or
repulsive growth-cone turning were found to induce, respectively,
enhanced or reduced Ca2þ currents in growth cones. The bi-
directional modulation of growth-cone turning by cyclic nucleotide
pathways thus directly reflects a modulation of LCC activity in
response to netrin-1.

Modulation of ion channels induced by ligand-receptor acti-
vation is mediated by second messengers in a variety of neurons18.
Serotonin-induced activation of Aplysia sensory neurons is
mediated by cAMP signalling and is antagonized by the tetrapeptide
FMRFamide through the action of the arachidonate 12-lipoxygen-

ase metabolite 12-hydroperoxyeicosatetraenoic acid (12-HPETE)19.
This antagonism is due to the converging actions of cAMP and
12-HPETE signalling pathways on the same Kþ channel19. Because
12-HPETE regulates the cGMP level by direct activation of soluble
guanylate cyclase3, and 12-lipoxygenase is expressed in mammalian
neurons20,21 and in Xenopus oocytes22, we examined the possibility
that 12-HPETE is a downstream effector of DCC–UNC5-mediated
signalling. Application of exogenous 12-HPETE (500 nM) indeed
converted the netrin-1-induced attraction to repulsion in control
neurons (Fig. 3a, e), but had no significant effect on repulsion in
UNC5-overexpressing neurons (Fig. 3c, e). Furthermore, it signifi-
cantly reduced Ca2þ currents in growth cones of control neurons
(Fig. 3b, f). Because a specific 12-lipoxygenase inhibitor, baicalein
(10 mM), had no significant effect on netrin-1-induced attraction
(Fig. 3a, e), the 12-HPETE–cGMP pathway did not seem to be
activated by netrin-1 in control neurons. However, in neurons
overexpressing UNC5, baicalein (10 mM) converted netrin-1-
induced repulsion to attraction (Fig. 3c, e) and rescued the Ca2þ

currents (Fig. 3d, f). Although it has been reported that 12-
hydroxyeicosatetraenoic acid (12-HETE), a stable by-product of
12-HPETE, is involved in the collapse of rat sensory growth cones

Figure 3 12-HPETE is required for DCC–UNC5-mediated repulsion. a, c, Distribution of

turning angles in response to a netrin-1 gradient for DCC (a) and DCC–UNC5 (c) neurons

in culture medium alone (control) or after addition of 12-HPETE or baicalein. b, d, Ca2þ

currents in DCC (b) and DCC–UNC5 (d) neurons under the conditions described in a, c.

e, Average turning angles in response to a netrin-1 or Sema3A gradient, for DCC,

DCC–UNC5 or NP-1 neurons, under various conditions. f, Average peak amplitude of

Ca2þ currents, corresponding to the experimental conditions described in e. Significance

test as in Fig. 1c. Scales; 500 pA, 20 ms.
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induced by Sema3A (ref. 23), we found that baicalein treatment
had no significant effect on NP-1-mediated repulsion, nor on
growth-cone Ca2þ currents in the presence of Sema3A (Fig. 3e, f).
These results suggest that 12-HPETE activates a cGMP-dependent
pathway and is a specific downstream effector of DCC–UNC5
signalling, although a role for other metabolites cannot be excluded.
These results provide further support for the hypothesis that
distinct pathways underlie netrin-1- and Sema3A-induced
repulsion.

Our findings suggest that modulation of Ca2þ channels through
cyclic nucleotide-dependent signalling pathways may directly
mediate netrin-1-induced bi-directional growth-cone guidance.
Activation of DCC and DCC–UNC5 by netrin-1 may trigger two
different cyclic nucleotide signalling pathways (Fig. 4). In our
model, activation of DCC leads to activation of LCCs2. In the
absence of UNC5, DCC activation also triggers a cAMP-dependent
signalling pathway6,24 and enhances LCC activity13 (Fig. 4a).
Enhanced Ca2þ entry, together with additional Ca2þ release from
RyRs and inositol 1,4,5-trisphosphate receptors in the endoplasmic
reticulum (ER)25,26, creates a high-level gradient of intracellular
Ca2þ concentration ([Ca2þ]i) favouring growth-cone attraction2. In
the presence of UNC5 (Fig. 4b), netrin-1 activation of DCC–UNC5
also triggers cGMP signalling, mediated by 12-HPETE. Activation
of cGMP signalling results in a lower-level [Ca2þ]i gradient and
growth-cone repulsion2. Thus, different spatial patterns of [Ca2þ]i

at the growth cone are responsible for activating different sets
of downstream effectors resulting in bi-directional turning
responses. This notion is further supported by observations

shown in Fig. 1. As shown in Fig. 4c, in DCC-expressing neurons,
a netrin-1 gradient was attractive (high [cAMP]i/[cGMP]i or
[Ca2þ]i) either under normal conditions or with PKG inhibition,
but became repulsive when PKA activity was inhibited or when
cGMP signalling was activated (low [cAMP]i/[cGMP]i or [Ca2þ]i).
Conversely, in neurons overexpressing UNC5, netrin-1-induced
activation of DCC–UNC5 leads to increased cGMP signalling
(lower [cAMP]i/[cGMP]i and [Ca2þ]i) resulting in repulsion,
which can be converted to attraction by PKG inhibition. Finally,
in either DCC- or DCC–UNC5-expressing neurons, simultaneous
inhibition of PKA activity (with KT5720) and activation of cGMP
signalling (using either 8-Br-cGMP or activation of the DCC–
UNC5 complex) resulted in an abrogation of netrin-1-induced
turning, presumably because this combination suppresses Ca2þ

signals altogether.
Our results strongly support the hypothesis that bi-directional

turning responses of nerve growth cones to netrin-1 depend on the
relative activities of cAMP- and cGMP-dependent pathways, which
regulate the cytosolic level of Ca2þ signals by modulating Ca2þ

channels in the plasma membrane and ER2. We also demonstrated a
possible role for the lipid 12-HPETE as an effector of UNC5
signalling in triggering repulsive growth-cone turning. Our results
show that the interaction of cyclic nucleotide and Ca2þ signalling
pathways is critical in determining the direction of growth-cone
extension, and that regulation of Ca2þ channels is a pivotal early
event in the transduction of netrin-1 signals. A

Methods
In vitro transcription
Capped messenger RNAs were synthesized using mMESSAGE mMACHINE (Ambion) as
described by the manufacturer. The transcription products were purified using the
QIAquick PCR Purification Kit (Qiagen). The integrity of mRNAs was examined by
agarose gel electrophoresis.

Xenopus microinjection and primary spinal neuron cultures
In vitro fertilization was performed as described27. Unc5H2 mRNA was injected into two
blastomeres of Xenopus laevis embryos at the four-cell stage. For each blastomere, we
injected 4–8 nl of mRNA solution containing 0.125 mg ml21 Unc5H2 and 0.25 mg ml21

green fluorescent protein (GFP) mRNA. GFP was used as an indicator for expression of the
sample mRNA. Cultures of spinal neurons were prepared from neural tube tissues of stage
22 (for netrin-1 assays) and 26 (for Sema3A assays) Xenopus embryos, as described
previously2,4. Cultures were used between 14–20 h after plating at room temperature
(20–22 8C). Culture medium consisted of 49% (v/v) Leibovitz medium (GIBCO), 1%
(v/v) fetal bovine serum (HyClone) and 50% (v/v) Ringer’s solution (in mM: 115 NaCl,
2 CaCl2, 2.5 KCl and 10 HEPES, pH 7.4).

Guidance proteins and pharmacological usage
Netrin-1 (5 mg ml21)2,4, Sema3A protein (3,000 U ml21)28 and 12-HPETE (500 nM)29 were
prepared as described. Agonists and antagonists were purchased from Calbiochem. The
biological activity of Sema3A (U ml21) was evaluated using a collapse assay in chick DRG
neurons30. All pharmacological agents, except 12-HPETE, were applied in the bath 30 min
before experiments. 12-HPETE was applied in the bath 3 min before the turning assay
(500 nM) or was used to generate a gradient (0.5 mM in the pipette) through a
micropipette using pulsatile ejection during electrophysiological studies. Stability of
12-HPETE in the bath, as tested previously29, was at least 6 min at 37 8C.

Growth-cone turning assay
Microscopic gradients of guidance proteins were produced as previously described2,4.
Microscopic images of neurites were recorded with a CCD (charge-coupled device)
camera (Hitachi KP-M2U) attached to a phase contrast microscope (Olympus CK-40)
and analysed using NIH Image 1.62. The final turning angle, defined by the angle between
the original direction of neurite extension and a straight line connecting the positions of
the growth cone at the onset and the end of the 1-h period, was measured. Only
those growth cones with net extension .7 mm over the 1-h period were included for
analysis.

Electrophysiology
Whole-cell voltage-clamp recordings were made in Xenopus spinal neuron growth cones
or soma using pipettes with resistances ranging from 5 to 8 MQ or 4 to 6 MQ, respectively,
using a patch-clamp amplifier (Axopatch 200B, Axon). Recording pipettes were filled with
an internal solution of (in mM): 115 CsCl, 10 HEPES, 10 TEA-Cl, 10 EGTA, 4 Mg-ATP,
and was adjusted to pH 7.4 with CsOH. The bathing solution contained (in mM): 80 NaCl,
35 TEA-Cl, 10 CaCl2, 10 HEPES, 1 £ 1026 TTX, and was adjusted to pH 7.4 with NaOH. A
series resistance #15 MQ was deemed acceptable, and was compensated by 40–50% with a
10-ms lag time. Whole-cell Ca2þ currents evoked by step depolarization from a holding

Figure 4 Model for netrin-1-induced second messenger signalling. a, For attraction,

DCC activation by a netrin-1 gradient creates a high-level [Ca2þ]i gradient by

triggering LCC activity and by stimulating the cAMP–PKA pathway, which further activates

LCC in the plasma membrane (PM) and Ca2þ channels in the ER. b, For repulsion,

activation of DCC–UNC5 by a netrin-1 gradient results in a low-level [Ca2þ]i gradient

by triggering LCC activity and the arachidonic acid pathway, which in turn elevates

12-HPETE and cGMP, and consequently inactivates LCC and Ca2þ channels in the ER.

c, Summary of [cAMP]i/[cGMP]i- and [Ca2þ]i-dependent growth-cone turning responses

to netrin-1.
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potential of 240 mV to þ40 mV (each step 10 mV for 100 ms)17 were recorded with the
patch-clamp amplifier. Data were filtered at 2 kHz and collected at 10 kHz. Ca2þ channel

activity was evaluated by measuring peak inward currents.
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Far-red light regulates many aspects of seedling development,
such as inhibition of hypocotyl elongation and the promotion of
greening1, acting in part through phytochrome A (phyA). The
RING motif protein COP1 is also important because cop1
mutants exhibit constitutive photomorphogenesis in darkness2,3.
COP1 is present in the nucleus in darkness but is gradually
relocated to the cytoplasm upon illumination4. Here we show
that COP1 functions as an E3 ligase ubiquitinating both itself and
the myb transcription activator LAF1, which is required for
complete phyA responses5. In transgenic plants, inducible
COP1 overexpression leads to a decrease in LAF1 concentrations,
but is blocked by the proteasome inhibitor MG132. The coiled-
coil domain of SPA1, a negative regulator of phyA signalling6, has
no effect on COP1 auto-ubiquitination but facilitates LAF1 ubi-
quitination at low COP1 concentrations. These results indicate
that, in darkness, COP1 functions as a repressor of photomorpho-
genesis by promoting the ubiquitin-mediated proteolysis of a
subset of positive regulators, including LAF1. After the activation
of phyA, SPA1 stimulates the E3 activity of residual nuclear COP1
to ubiquitinate LAF1, thereby desensitizing phyA signals.

In plants, the light signal is perceived by different photoreceptors
that activate a network of signalling intermediates to control the
expression of hundreds of genes7. The phytochrome photoreceptor
family regulates downstream responses by switching between bio-
logically inactive and active forms in response to absorbing red or
far-red light, respectively8. Several Arabidopsis mutants deficient in
intermediates of the phyA signalling pathway have been identified.
Some of these show reduced responses, whereas others are hyper-
sensitive9,10. The COP/DET/FUS proteins have been proposed to act
as negative regulators of photomorphogenic development because
their loss-of-function mutants develop as light-grown plants in
darkness11. Among these repressors, the RING motif protein COP1
seems to be a key regulator that interacts with components of the
phyA signalling pathway such as HY5 (ref. 12) and SPA1 (ref. 13).

LAF 1 is a myb transcription activator that participates in the
transmission of phyA signals to downstream responses; this acti-
vator is localized in nuclear bodies5. Because COP1 is also found in
nuclear bodies14, we asked whether the two proteins are localized
together. To this end, we transiently expressed LAF1 tagged with
yellow fluorescent protein (YFP) and COP1 tagged with cyan
fluorescent protein (CFP) in onion epidermal cells. Figure 1a
shows that the two proteins were indeed localized in the same nuclear
bodies, although COP1 was also found in cytoplasmic regions not
containing LAF1, which is strictly localized in the nucleus.

Similar experiments showed that SPA1 was distributed in the
nucleus and the cytosol but it could be relocalized by COP1 to the
same LAF1/COP1 nuclear bodies, which is consistent with an
interaction between SPA1 and COP1 in vitro13.

The co-localization of LAF1 and COP1 indicates that the two
proteins might interact. To study this, we performed a pull-down of
products translated in vitro by using maltose-binding protein
(MBP) and MBP–COP1. Control experiments showed that MBP
alone did not interact with any of the products translated in vitro. As
expected, COP1 interacted with CIP8 (ref. 15) but not luciferase
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