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The signalling cascade including Raf, mitogen-activated
protein kinase (MAPK) kinase and extracellular-signal-
regulated kinase (ERK) is important in many facets of
cellular regulation1–3. Raf is activated through both Ras-
dependent and Ras-independent mechanisms4–6, but the
regulatory mechanisms of Raf activation remain
unclear7–9. Two families of membrane-bound molecules,
Sprouty and Sprouty-related EVH1-domain-containing
protein (Spred) have been identified10–13 and character-
ized as negative regulators of growth-factor-induced ERK
activation14–25. But the molecular functions of mammalian
Sproutys have not been clarified. Here we show that mam-
malian Sprouty4 suppresses vascular epithelial growth
factor (VEGF)-induced, Ras-independent activation of
Raf1 but does not affect epidermal growth factor (EGF)-
induced, Ras-dependent activation of Raf1. Sprouty4
binds to Raf1 through its carboxy-terminal cysteine-rich
domain, and this binding is necessary for the inhibitory
activity of Sprouty4. In addition, Sprouty4 mutants of the
amino-terminal region containing the conserved tyrosine
residue, which is necessary for suppressing fibroblast
growth factor signalling19,25, still inhibit the VEGF-induced
ERK pathway. Our results show that receptor tyrosine
kinases use distinct pathways for Raf and ERK activation
and that Sprouty4 differentially regulates these pathways.

Mammalian (mSproutys) are implicated as selective inhibitors
that can block fibroblast growth factor (FGF)- but not EGF-
induced ERK activation15,17,19,23; however, the molecular

mechanism of this selective inhibition remains elusive. Several
studies have concluded that mSproutys act upstream of Ras
because mSproutys cannot inhibit ERK activation induced by acti-
vated Ras16–18,25. As shown by others24, however, we found that
Sproutys can inhibit FGF-induced activation of Raf without affect-
ing Ras (data not shown). Thus, it is possible that Sproutys inhibit
ERK activity through a Ras-independent pathway.

To examine this possibility, we carried out studies using VEGF
receptor-2 (known as KDR or Flk-1), a member of the VEGF recep-
tor family, because this receptor activates ERK through the phos-
pholipase C-!1 (PLC-!1) and protein kinase C (PKC) pathway, but
not through Ras, in endothelial cells26. First, we verified that
Sprouty4 could not inhibit activated-Ras-induced activation of
ERK in our 293T cell system (Fig. 1a). Sprouty4 completely blocked
both VEGF-induced phosphorylation of Ser 338 of Raf1, which is

essential for Raf1 activation7,8, and ERK activation; however, it did
not affect EGF-induced activation of either Raf1 or ERK (Fig. 1b).
Suppression of Raf kinase activity was confirmed by an in vitro
kinase assay using glutathione S-transferase (GST)-fused to MAPK
kinase as a substrate (Supplementary Information Fig. S1).

We confirmed that VEGF triggered the unique PLC-
!1–PKC–ERK signalling pathway in our 293T cell system. VEGF-
induced ERK activation was considerably reduced in a Tyr1175Phe
mutant of KDR, which lacks the binding site for PLC-!1 (ref. 26 and
Supplementary Information Fig. S2), whereas both the Tyr1214Phe
and deletion mutants of KDR, which lack the binding site for Grb2,
still activated ERK (Supplementary Information Fig. S2). In addi-
tion, dominant-negative Ras completely blocked EGF- but not
VEGF-induced ERK activation (Fig. 2a), whereas VEGF- but not
EGF-induced ERK activation was profoundly suppressed by the
PKC inhibitor bisindorylmaleimide I (Fig. 2b). These results identi-
fy a unique VEGF signalling pathway, which uses the PLC-!1–PKC
pathway but not Grb2–Ras for ERK activation, and show that
Sprouty4 can efficiently inhibit Ras-independent Raf1 activation.

Next, we investigated the interaction point of Sprouty4 in this
VEGF-induced ERK activation pathway. Sprouty4 could not inhibit
either VEGF-induced tyrosine phosphorylation of PLC-!1 or PKC
activation, as assessed by the phosphorylation of myristoylated ala-
nine-rich C-kinase substrate (MARCKS; data not shown and Fig.
2c), indicating that Sprouty4 functions between PKC and Raf1 in the
pathway. Of the PKC family, PKC-" and PKC-# are known to activate
Raf1 in a Ras-independent manner4,5; in addition, the treatment of
cells with the calcium chelator and the calcium-dependent PKC
inhibitor Calphostin C, which prevents activation of PKC-", did not
affect VEGF-induced ERK activation (data not shown). Thus, we
examined whether Sprouty4 suppressed Raf1 induction mediated by
activated PKC-#. To exclude the involvement of Ras through indirect
activation by the overexpression of active PKC, we co-expressed a
dominant-negative variant of Ras (N17-Ras). Sprouty4 completely
blocked both Raf1 activation and ERK activation mediated by acti-
vated PKC-# (Fig. 2d). In the absence of N17-Ras, we observed only
partial suppression of ERK activation induced by activated PKC-#
(data not shown), which also supports the idea that Sprouty4 cannot
inhibit Ras-dependent ERK activation.

To explore how Sprouty4 inhibits Raf1 activation, we deter-
mined the regions of Sprouty4 that are necessary for its activity. A
deletion of the C-terminal 104 amino acids (Sprouty4dC104) result-
ed in the loss of suppression of VEGF-induced ERK activation
(Fig. 3a); this mutant localized in the cytoplasm (Supplementary
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Information Fig. S3), which is consistent with previous reports
showing that the CR domain is required for localizing to the plas-
ma membrane14,15,25,27. But a Sprouty4dC104-CAAX mutant, which has a

Ras CAAX motif in its C terminus and localized to the plasma
membrane (Supplementary Information Fig. S3), also could not
inhibit VEGF-induced ERK activation (Fig. 3a), suggesting that the
C-terminal CR domain has an essential function in addition to
simply targeting the plasma membrane.

We therefore attempted to identify the target proteins that inter-
act with the CR domain. We prepared His-tagged wild-type and
Sprouty4$CR recombinant proteins and incubated them with 293T
cell extracts. A prominent band with a relative molecular mass of
72,000 (Mr 72K) co-precipitated with wild-type Sprouty4 but not
with Sprouty4$CR (Fig. 3b). Judging from the molecular size, we sus-
pected that this band might be Raf1. Western blot analysis showed
that Raf1 co-precipitated with wild-type Sprouty4 but not with
Sprouty$CR (Fig. 3b, bottom). The interaction of endogenous Raf1
and Sprouty2 or Sprouty4 was confirmed by immunoprecipitation
assays (Fig. 3c). In addition, endogenous Sprouty2 or transfected
Sprouty4 colocalized with Raf1 both in the plasma membrane and
in perinuclear regions (Fig. 3d). Taken together, these data indicate
that both endogenous Sprouty2 and Sprouty4 physically interact
with endogenous Raf1 in 293T cells.

We defined the region in the CR domain responsible for Raf1
binding by constructing various deletion mutants (Supplementary
Information Fig. S4) and found that amino acids 151–222 of the CR
domain were responsible for the interaction. Alignment of the CR
domains in different Sproutys showed that this Raf1-binding motif
is highly conserved from Drosophila to the mammalian Sprouty and
Spred homologues (Fig. 3e). Indeed, the Raf1-binding activity was
conserved among Sproutys and Spreds (Supplementary
Information Fig. S5), and the region comprising amino acids
365–387 of Spred1 in the CR domain, which corresponds to the
Raf1-binding region of Sprouty4, was required for the binding to
Raf1 (Supplementary Information Fig. S4). Thus, we named this
motif the Raf-binding motif (RBM).

We confirmed the essential role of this motif by showing that an
internal deletion mutant of Sprouty4 lacking the RBM
(Sprouty4$RBM) did not bind to Raf1 (Fig. 3e). We also found that
the C-terminal catalytic domain (Fig, 3f, cat.), but not the N-ter-
minal regulatory domain (Fig, 3f, reg.), of Raf1 bound to Sprouty4.
The direct interaction between Raf1 and Sprouty4 was confirmed
by in vitro binding assay using recombinant proteins purified from
Escherichia coli (Supplementary Information Fig. S6). Thus, the CR
domain of Sprouty4 can interact directly with the Raf1 catalytic
domain both in vivo and in vitro.

We investigated the functional significance of the
Sprouty4–Raf1 interaction. It has been shown previously that
Sproutys form homo-oligomers25. Sprouty4$RBM still formed
oligomers and localized to the membrane fraction, but it did not
inhibit the activation of ERK induced by growth factor
(Supplementary Information Fig. S7 and data not shown).
Sprouty4$RBM reversed the inhibitory effect of wild-type Sprouty4
on VEGF- and FGF-induced activation of ERK (Supplementary
Information Fig. S8), indicating that this mutant functions as a
dominant-negative form. Indeed, Sprouty4$RBM enhanced and sus-
tained VEGF- and FGF-induced activation of ERK, suggesting that
Sprouty4$RBM has a dominant-negative effect on endogenous
Sproutys (Fig. 4a and FGF data not shown).

The dominant-negative effect of Sprouty4$RBM was prominent
after 60 min of stimulation. This is probably because a set period of
time is necessary for the induction of endogenous Sprouty proteins
in response to growth factors15,19. Late-phase suppression of MAPK
signalling is characteristic in negative feedback regulators such as
Kekkon1 and Sproutys, because they are induced transcriptionally:
in their absence, MAPK signals reach a maximum within 1 h, but on
their induction the signal start decaying after 1 h (refs 9,25). Taken
together, these observations suggest that the Sprouty4–Raf1 interac-
tion is essential to inhibit the activity of endogenous Sprouty4.

Because Sprouty4 inhibited the PKC-dependent activation of
ERK in response to VEGF (Fig. 1), we examined the effect of

H-RasG12V – + + +

–

Sp
ro

ut
y2

Sp
ro

ut
y4

32P-MBP

ERK2

Sprouty4
Sprouty2

47.5

Blot: anti-Flag

0 15 30 60 0 15 30 60

– Sprouty4

0 0.5 1 2 0 0.5 1 2

– Sprouty4

VEGF

EGF

P-S338

P-S338

Flag

Flag

Flag

Flag

KDR

P-ERK1/2

P-ERK1/2

ERK2

ERK2

IP
: a

nt
i-F

la
g

IP
: a

nt
i-F

la
g

T
C

L
T

C
L

(min)

(h)

- 83

- 83

- 83

- 47.5

P-S338-Raf1

P-S338-Raf1

Flag–Raf1

- 83
Flag–Raf1

- 83

- 62
- 83

- 62
- 47.5 

P-GFP–ERK2

GFP–ERK2

P-ERK1/2

ERK2

Sprouty4

Sprouty4

KDR

- 47.5

- 47.5

- 175

a

b

Blot: anti-

Blot: anti-

Mr(K)

Mr(K)

Figure 1 Sprouty4 inhibits VEGF-induced Raf1 activation. a, Flag–ERK2 activi-
ty was analysed by an in vitro kinase assay13,19. b, Plasmids encoding wild-type
KDR, Flag–Raf1 and GFP–ERK2 were transfected with or without plasmid encoding
Sprouty4 into 293T cells. After 24 h, cells were treated with 50 ng ml%1 VEGF or
EGF for the indicated durations. Total cell lysates (TCL) were subjected to immuno-
precipitation with antibodies against Flag and immunoblot analysis with the indicat-
ed antibodies.
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Sprouty 4 on PKC activators such as phorbol-12,13-dibutyrate
(PDBu). Sprouty4 inhibited ERK activation in response to low con-
centrations of PDBu (3–10 ng ml%1), but it did not profoundly affect
ERK activation at higher concentration of PDBu (30–100 ng ml%1;
Fig. 4b). Notably, the Sprouty4–Raf interaction was disrupted in a
dose-dependent manner by PDBu, whereas the interaction was not
affected by treatment with FGF (Fig. 4c). Although the mechanism
underlying the disruption of the Sprouty4–Raf interaction by high-
dose PDBu is not clear, these observations support the idea that the
interaction between Sprouty4 and Raf1 is necessary and important
for the inhibitory activity of Sprouty4.

Mutant Sproutys containing the conserved tyrosine residue in
the N-terminal region (Tyr 53 of Sprouty4) have been shown to
enhance and to prolong FGF-induced ERK activation19. One report
has suggested that phosphorylation of this tyrosine residue enables
the protein to bind Grb2, thereby inhibiting Ras activation25. We
therefore investigated the role of Tyr 53 in VEGF-induced ERK
activation. Like wild-type Sprouty4, Sprouty4Y53A completely
blocked VEGF-induced ERK activation (Fig. 5a). Consistent with
this, Sprouty4dN80, which lacks the N-terminal 80 amino acids, also

completely suppressed VEGF-induced ERK activation. By contrast,
Sprouty4dN80 could not inhibit EGF- or FGF-induced ERK activa-
tion (Fig. 5b).

In addition, not only full-length Sproutys and Spred2, but also
their CR domains could sufficiently inhibit VEGF-induced ERK
activation (Fig. 5c), although these N-terminally truncated
mutants could not inhibit FGF- or EGF-induced ERK activation
(refs 13, 19 and data not shown). We therefore conclude that the
binding of Sprouty4 to Raf1 is necessary and sufficient to inhibit
VEGF-induced ERK activation, whereas the N-terminal region of
Sprouty4 is required for inhibition of FGF-mediated signalling
(Fig. 5d). In summary, we have shown that Sprouty4 suppresses
Ras-independent but not Ras-dependent activation of Raf by direct-
ly binding to the Raf kinase domain of Raf1. We propose that the
binding of Sprouty4 to Raf selectively prevents the phosphorylation
of Raf1 by Raf1 kinases, which are activated by different types of
stimulation (Fig. 5d). mSprouty2 has been shown to inhibit FGF-
induced ERK activation in a manner dependent on tyrosine phos-
phorylation25; however, it remains controversial whether tyrosine
phosphorylation of Sproutys is necessary for suppressing FGF- and
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Figure 2 Sprouty4 inhibits PKC-mediated activation of Raf1. Plasmids encod-
ing KDR mutants were transfected into 293T cells. After 24 h, cells were treated
with 50 ng ml%1 VEGF or EGF for 15 min. a, KDR and GFP–ERK with or without N17-
Ras were transfected into 293T cells. After stimulation with EGF or VEGF for 15
min, cell extracts were immunoblotted with the indicated antibodies. b, The effect
of bisindorylmaleimide I (Bisind) on VEGF- and EGF-induced ERK activation was

examined. c, 293T cells transfected with wild-type KDR with or without Sprouty4
were subjected to immunoprecipitation and immunoblot analysis with the indicated
antibodies. Cells were pretreated with 5 µM Ro-32-0432 for 30 min before VEGF
stimulation. MARCKS is a chief substrate of PKC. d, 293T cells were transfected
with activated PKC-# and N17-Ras with or without Sprouty4, and analysed as
described in Fig. 1b.
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VEGF-induced ERK activation15. We have shown, however, that this
conserved tyrosine residue is not necessary for suppressing VEGF-
induced activation of ERK (Fig. 5). Taking into consideration

reports showing that Sproutys interact with Caveolin-1,
c-Cbl15,17,23, Grb2 (ref. 25), dual specificity kinase TESK1 (ref. 28)
and protein tyrosine phosphatase PTP1B29, Sproutys probably
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Figure 3 Isolation of Raf1 as a target molecule for Sproutys. a, Top, murine
Sprouty4 protein. dC and dN indicate the deletions from the C and N terminus,
respectively. Bottom, Myc-tagged wild-type or mutant Sprouty4 was transfected into
293T cells and analysed as described in Fig. 2. The SproutydC104-CAAX mutant lacks
the C-terminal 104 amino acids of Sprouty4 but contains the CAAX motif of Ras19. 
b, Affinity column eluates from 20 µg of immobilized His-tagged wild-type Sprouty4
or Sprouty4$CR, which lacks the CR domain, were visualized by silver staining (top)
and subjected to immunoblot analysis with an antibody against Raf1 (bottom). c,
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and immunoblot analysis with the indicated antibodies. d, Top, endogenous Sprouty2
and Raf1 in 293T cells treated with basic FGF for 2 h were detected using immuno-
fluorescence microscopy. Bottom, transfected Myc–Sprouty4 and Raf1 were detect-
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analysed as described in Fig. 2c.
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inhibit ERK activation through several mechanisms, which are
independent and dependent on the N-terminal region of Sprouty,
and independent and dependent on Ras, according to the type of the
cell and/or stimulation. Further studies of the molecular mecha-
nism for the selective inhibition of ERK by mSproutys may provide
insights into the regulation mechanisms of the several signalling
pathways that activate Ras and Raf.

Methods
Plasmid construction
We cloned the complementary DNAs of KDR mutants26 into the KpnI/NotI sites of pCDNA4/TO
(Invitrogen, Carlsbad, CA). Sprouty4 and Spred mutants were generated by standard polymerase chain
reaction (PCR) and subcloned into pCDNA3 for Myc, pCMV2 for Flag or pET28b for His epitope tag-
ging. The other plasmids have been described13,19. The N-terminal regulatory domain of Raf1 (codons
1–330) and the C-terminal kinase domain of Raf1 (codons 331–648) were generated by standard PCR
and subcloned into pGEX4T-3 for the GST epitope, or into pCMV2. We produced GST–Raf or
His–Sprouty4 in BL21 bacteria (Stratagene, San Diego, CA) and purified them on
glutathione–Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ ) or Ni-NTA agarose (Qiagen,
Valencia, CA), respectively, in accordance with the manufacturer’s instructions. 

Cell transfection
We transfected 293T cells by the calcium phosphate method or by PolyFect (Qiagen). As our transfec-
tion efficiency was not 100% (typically '40–60%), we distinguished the events of Sprouty-transfected
cells from those of non-transfected cells by co-transfecting the cells with GFP–ERK2, which is larger in

molecular weight than endogenous ERK1/ERK2. In the KDR study, we could monitor the events of
transfected cell without GFP–ERK2, because only cells transfected with the KDR cDNA responded to
VEGF; however, we co-transfected tagged ERK2 or Raf1 to distinguish and compare the effects of
Sprouty4 on VEGF in response to other stimuli.

Immunochemical analysis
Immunoprecipitation, immunoblotting and immunofluorescence analysis were done as
described13,19,30. We generated rabbit serum against human Sprouty2 by injecting rabbits with a GST-
fused polypeptide corresponding to amino acids 1–175. Affinity-purified antibody against Sprouty2
was a gift from G. Christofori and used for immunofluorescence microscopy analysis.

The antibodies to KDR, the His epitope, PLC-!1 and MARCKS were from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies to Raf1, Raf1 phosphorylated on Ser 338 and phosphory-
lated MARCKS were from Transduction Labs (Palo Alto CA), UBI (Charlottesville, VA) and Cell
Signaling (Beverly, MA), respectively. VEGF was from PeproTech EC (Rocky Hill, NJ), and the PKC
inhibitor and activator were from Calbiochem (San Diego, CA) and Sigma (St Louis, MO), respective-
ly. Other antibodies and materials have been described13,19,30.
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Figure 5 Sprouty4 N terminus is needed to suppress FGF-induced activation.
a, c, Plasmids encoding wild-type or N-terminal mutant Sproutys and Spred2 were
transfected with a GFP–ERK plasmid into 293T cells, and VEGF-induced ERK activa-
tion (5 min) was assessed by immunoblot analysis. b, GFP–ERK2 was transfected

with or without SproutydN80, which lacks the N-terminal 80 residues, and ERK activa-
tion was analysed after stimulation with indicated growth factors for 0–4 h. d, Model
of Sprouty4 suppression of Raf after activation of Raf by different growth factors.
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