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Sprouty (Spry) proteins have previously been suggested as neg-
ative regulators of the MAPK pathway through interaction with 
Raf-1. However, the molecular basis of this inhibition has not 
been elucidated. In this study, we used cells expressing FLAG- 
tagged Raf-1 with point mutations at known phosphorylation 
sites to reveal that activation of Raf-1 mutants does not corre-
late with their degree of interaction with Spry2. The associa-
tion of Raf-1 with Spry2 in intact cells was further corroborated 
by immunofluorescence colocalization. Additionally, there was 
no significant change observed in the strength of interaction 
between Raf-1 mutants and Spry2 after paclitaxel treatment de-
spite differences in the activation levels of these mutants. Thus, 
our study provides the evidence that Spry2 does not directly 
regulate Raf-1 kinase activity, but instead acts as a scaffolding 
protein that assists interactions between Raf-1 kinase and its di-
rect regulators. [BMB reports 2010; 43(3): 205-211]

INTRODUCTION

The first Sprouty (Spry) protein was identified in a genetic scree-
ning of Drosophila and was found to be a general inhibitor of 
Ras/MAPK pathways (1, 2). However, there is emerging evi-
dence that Spry proteins may be important modulators of path-
ways vital to the development or progression of cancer (3). 
Each mammalian genome contains 4 Spry genes (SPRY 1-4) 
encoding proteins that show sequence divergence at their ami-
no termini (4). It is possible that such sequence divergence is 
responsible for protein-protein interactions that then produce 
functional differences between Spry proteins (5).

The inactive conformation of Raf-1 protein is maintained by 
autoinhibitory interactions between the N-terminal regulatory 
domain and C-terminal catalytic domain, and by the binding 
of a 14-3-3 dimer to 2 phosphorylation sites, S259 and S621 
(6). Activation of Raf-1 is typically initiated upon the high-affin-

ity binding of Raf-1 to Ras (7), a process dependent on the 
Raf-1 zinc finger domain containing C165 (8). Many groups 
have also presented data suggesting a correlation between the 
phosphorylation state and kinase activity of Raf-1 (9). Binding 
of Ras to Raf-1 promotes conformational changes that relieve 
autoinhibition and facilitate the phosphorylation of Raf-1 acti-
vation sites, including S338, Y341 and S499 (10-12). However, 
little is known regarding the molecular mechanism through 
which Raf-1 activity is inhibited after signaling events, although 
constitutive Raf-1 signaling does result in cell transformation. 
Possible candidates responsible for Raf-1 inactivation include 
the Spry family of proteins. Murine Spry4 interferes with vas-
cular endothelial growth factor (VEGF)-induced Ras-indepen-
dent Raf-1 activation (1). Spry2 not only functions at the level 
of Raf-1 activation in human epithelial cells (2), but also during 
wing and ovary development (13). Morevoer, Spry2 was found 
to be significantly more potent than either Spry1 or Spry4 in 
inhibiting the MAPK pathway (2). We also previously reported 
that Spry2 was slightly better than Spry4 in inhibiting cell pro-
liferation (14). Thus, we focused on Spry2 instead of Spry4. 

It is presently unknown whether or not the regulation of 
Raf-1 involves a direct interaction with Spry2, or whether a 
bridging molecule is involved. In the present study, we tested 
the degree to which Raf-1 activation depends upon interaction 
with Spry2 by using Raf-1 mutants with selectively mutated 
phosphorylation sites. Our observations led to the hypothesis 
that the strength of the interaction between Spry2 and Raf-1 
does not affect the direct regulation of Raf-1 kinase activity. 
On the contrary, Spry2 may regulate Raf-1 kinase activity by 
acting as a scaffolding protein that brings Raf-1 kinase into 
close proximity with its direct regulators.

RESULTS

Effect of interaction with Spry2 on Raf-1 kinase activity
There is emerging evidence that Spry proteins may be im-
portant modulators of Raf-1 kinase activity (1). In order to de-
termine how significant Raf-1 phosphorylation sites are to the 
interaction with Spry2, we tested the ability of Raf-1 mutants to 
interact with Spry2 in cells expressing FLAG-tagged Raf-1 with 
point mutations at known phosphorylation sites (Fig. 1A). The 
C165S and S338A mutations were found to markedly impair 
basal Raf-1 activity. The YY340/341FF mutant, which lacked 
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Fig. 1. The effects of mutated Raf-1 phosphorylation
sites on the ability of Raf-1 to interact with Spry2. 
(A) The kinase activities of immunoprecipitated 
FLAG- tagged Raf-1 mutants were examined. The 
same blot was stripped and then probed for Raf-1 
to show the expression level of Raf-1 in all lanes. 
Numbers listed below each band were quantified 
by Kodak Molecular Imaging software and are ex-
pressed as ratios of p-MEK-1/FLAG-Raf-1 mutants. 
(B) FLAG-tagged Raf-1 mutants were immunopreci-
pitated with anti-FLAG M2 antibody from the lysate
of cells coexpressing Spry2 and either wt-Raf-1 or 
mutant Raf-1. Aliquots of immunoprecipitates were 
analyzed by Western immunoblotting with anti-Spry2
antibody. The same blot was stripped and then 
probed for Raf-1 to show the expression level of 
Raf-1 in all lanes. Numbers listed below each band
were quantified by Kodak Molecular Imaging soft-
ware and are expressed as ratios of Spry2/ Raf-1 
mutants. Values represent the mean of three rep-
resentative experiments.

Fig. 2. The effect of Spry2 knockdown on pacli-
taxel-induced Raf-1 kinase activation. (A) Lysates 
of v-Ha-ras-transformed NIH 3T3 cells cotrans-
fected with Spry2 and four different shRNA con-
structs were subjected to immunoblotting with an-
ti-Spry2 antibody to analyze the extent of expre-
ssion knockdown. (B) Cells transfected with Spry2 
alone or in combination with Spry2 shRNA were 
subsequently deprived of serum for 24 h, followed
by exposure to paclitaxel. Upper panel, the in vi-
tro Raf-1 kinase assays were performed on immuno-
precipitated Raf-1 proteins. Middle panel, the same
blot was stripped and then probed for Raf-1 to 
show the expression level of each Raf-1 mutant 
in all lanes. Lower panel, an aliquot of the lysates
was used to examine the knockdown of Spry2 ex-
pression by shRNA. The results presented are repre-
sentative of at least three independent experiments.

Tyr phosphorylation sites, had only a low level of intrinsic 
activity. The level of MEK-1 phosphorylation after S499A mu-
tation was similar to that following wildtype (wt)-Raf-1-cata-
lyzed MEK-1 phosphorylation. In contrast, after S259A muta-
tion, the ability of Raf-1 to phosphorylate MEK-1 was enhanced. 
However, the S621A mutation resulted in total loss of Raf-1 
kinase activity. Coexpression of Spry2 with Raf-1 mutants did 
not exert any effect on kinase activity.

The interactions between Raf-1 mutants and Spry2 were 
then compared to the kinase activity of each Raf-1 mutant. 
Unexpectedly, the degree of mutant Raf-1 activation did not 
correlate with the level of interaction with Spry2 (Fig. 1B). 

Compared to wt-Raf-1, the inactive C165S mutant interacted 
with Spry2 slightly more efficiently, whereas the other inactive 
mutants, such as S621A and YYFF, interacted with Spry2 con-
siderably less efficiently. The interaction between the S259A 
mutant and Spry2 was similar to that of wt-Raf-1, although the 
S259A mutant had considerably higher kinase activity. This 
observation led to the hypothesis that the strength of the inter-
action between Spry2 and Raf-1 does not affect the direct regu-
lation of Raf-1 kinase activity.

Effect of paclitaxel on the ability of Raf-1 to interact with Spry2
To investigate whether the interaction of Raf-1 with Spry2 is 
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Fig. 3. Effect of paclitaxel on the ability of Raf-1 to interact with Spry2. Twenty-four hours after transfection, the cells were deprived of se-
rum for 16 h and then treated with paclitaxel for 30 min. FLAG-tagged Raf-1 mutants were immunoprecipitated from lysates of cells coex-
pressing Spry2 and either wt-Raf-1 or mutant Raf-1 using anti-FLAG M2 antibody. (A) The immunoprecipitated FLAG-tagged Raf-1 mutants 
were examined for their ability to induce phosphorylation of recombinant MEK-1. The same blot was stripped and then probed for Raf-1 
to show the expression level of Raf-1 in all lanes. Numbers listed below each band were quantified by Kodak Molecular Imaging software 
and are expressed as ratios of p-MEK-1/FLAG-Raf-1 mutants. (B) The immunoprecipitates were analyzed by Western immunoblotting with 
anti-Spry2 antibody. The same blot was stripped and then probed for Raf-1 to show expression level of each mutant in all lanes. Numbers 
listed below each band were quantified by Kodak Molecular Imaging software and are expressed as ratios of Spry2/Raf-1 mutants. Values 
represent the mean of three representative experiments.

regulated by extracellular stimuli, we examined the effect of 
paclitaxel treatment on the coimmunoprecipitation of Spry2 
with Raf-1. Several studies have reported that paclitaxel-in-
duced cell death may be related to a Raf-1-dependent pathway 
(15, 16). Accordingly, the results presented in Fig. 2B indicate 
that paclitaxel treatment enhanced the kinase activity of 
wt-Raf-1. Spry2 overexpression was found to decrease the abil-
ity of paclitaxel to activate Raf-1 while expression of Spry2 
shRNA#1 abolished the inhibitory effect of Spry2 on Raf-1 kin-
ase activity. Unexpectedly, low expression of Spry2 was de-
tected after 24 h of paclitaxel treatment regardless of shRNA 
transfection (lane 4 vs. lane 6; lane 7 vs. lane 9 in Fig. 2B). We 
confirmed that Spry2 shRNA#1 was the most effective in de-
creasing the expression of Spry2 (Fig. 2A). 

As shown in Fig. 3A, the ability of paclitaxel to activate 
Raf-1 kinase was not affected upon loss of the Src phosphor-
ylation site in the YY340/341FF mutant. Furthermore, paclitax-
el treatment resulted in slight activation of the S499A mutant. 
However, mutation of the Raf-1 zinc finger (C165S) rendered 
Raf-1 essentially unresponsive to stimulation by paclitaxel, al-
though a low level of intrinsic activity could be detected. Most 

interestingly, there were differences in the levels of activation 
of the S259A and S338A mutants, both of which strongly inter-
act with Spry2. While the S338A mutant was activated by pa-
clitaxel, the S259A mutant did not respond. Fig. 3B shows that 
the strength of interaction between each Raf-1 mutant and 
Spry2 was not significantly affected by paclitaxel treatment, al-
though there was a marginal increase in the activity of the 
S338A mutant.

The Raf-1/Spry2 association was further demonstrated by 
immunofluorescence microscopy (Fig. 4). Immunofluorescence 
studies revealed that both wild type and mutant Raf-1 proteins 
preferentially localize to the cytoplasm and perinuclear organ-
elles in cells, whereas Spry2 is located predominantly in the 
nucleus independent of paclitaxel treatment. Wt-Raf-1 was lo-
calized to the cytoplasm in control cells, with a concentrated 
amount near the nucleus, and to the perinuclear region and 
periphery in paclitaxel-treated cells. The S259A mutant was cyto-
plasmic with concentrated localization around the nucleus in 
the perinuclear zone whereas showing more diffused at sev-
eral discrete sites around the nucleus after treatment with pa-
clitaxel. The S338A mutant showed strong cytoplasmic stain-
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Fig. 4. Colocalization of overexpressed Spry2 with Raf-1 mutants. The cells were transiently transfected with vector expressing FLAG-tagged 
wt-Raf-1 or mutant Raf-1 in combination with vector expressing full-length Spry2. Twenty-four hours post-transfection cells were deprived of 
serum for 18 h and either left unstimulated or treated with paclitaxel for 24 h. The overexpressed FLAG-tagged Raf-1 mutants and Spry2 
proteins were double immunostained with mouse monoclonal anti-FLAG antibody and rabbit polyclonal anti-Spry2 antibody, and sub-
sequently reacted with goat anti-mouse IgG-FITC and bovine anti-rabbit IgG-Texas Red, respectively. Fluoresecence was captured by fluo-
rescence microscopy. Green and red colors represent FLAG-Raf-1 and Spry2, respectively; yellow indicates colocalization of both proteins. 
The results presented are representative of at least three independent experiments performed under the conditions described.

ing at the membrane, but became exclusively localized to the 
nucleus upon paclitaxel treatment. Merged images of either 
the S259A or S338A mutant and Spry2 showed colocalization 
in the nucleus after paclitaxel treatment. However, the peri-
nuclear and/or nuclear translocation of Raf-1 has not been in-
vestigated in detail. The colocalization of wt-Raf and Spry2 
was not observed in nucleus of paclitaxel-treated cells due to 
translocation of Raf-1 to the membrane.

DISCUSSION

Spry proteins are characterized by a carboxy-terminal Cys-rich 
doma in containing a conserved region of approximately 70 
residues that interacts with the catalytic domain of Raf in vivo 
and in vitro (1). In this study, immunofluorescence experi-
ments revealed that a fraction of Raf-1 colocalized with Spry2 
in intact cells. Cotransfection/coimmunoprecipitation assays 
revealed the relative strength of the interaction between each 
Raf-1 mutant and Spry2 proceeds in the following order: 
C165S = S259A = S338A ≥ wt-Raf-1 = S499A ＞ S621A = 
YYFF. We expected that Spry2 would bind more efficiently to 
Raf-1 mutants with high kinase activity than those with low 
kinase activity. However, the degree to which these mutants 
were activated showed no correlation with the strength of their 
interaction with Spry2. Compared to wt-Raf-1, S259A had con-
siderably higher kinase activity, but was less efficient in bind-
ing to Spry2. Among Raf-1 mutants with low kinase activity, 
the strength of the interaction between C165S and Spry2 was 

similar to that of S259A, whereas the strength of the inter-
action between S621A and YYFF was dramatically decreased. 
Interestingly, we found that the expression level of the C165S 
mutant was considerably less than that of wt-Raf-1. Results pre-
sented in other papers suggest that the cysteine-rich domain of 
Raf-1 likely plays a role in determining the proper tertiary 
structure of the overall protein (17). It is therefore possible that 
a reduced level of C165S expression may result from a re-
duced rate of proper folding during biosynthesis as well as 
degradation through proteasomal pathways.

To further determine the role of Spry2 in the activation of 
Raf-1 kinase, we investigated the effect of paclitaxel on the in-
teraction between Spry2 and Raf-1 mutants with differing kin-
ase activity. Paclitaxel is an antineoplastic agent with proven 
efficacy in the treatment of patients with various cancers. Our 
recent data indicate that paclitaxel-induced apoptosis is de-
pendent upon signaling by active Raf-1 kinase and thereby the 
downregulation of Spry2 (18). In this study, there was no sig-
nificant change in the strength of the interactions between the 
Raf-1 mutants and Spry2, despite differences in the degree of 
activation of each Raf-1 mutant by paclitaxel. These results im-
ply that interaction of Raf-1 with Spry2 may not affect Raf-1 
kinase activity in mammalian cells.

Our observations seem to contradict previous reports that 
found Spry2 may contribute to the negative regulation of Raf-1 
(2, 13). This discrepancy may be attributed to the cell lines 
used. It should be noted that the v-Ha-ras transformed cells 
used in this study produce high levels of reactive oxygen spe-
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cies (ROS) (19) that may transiently inactivate intracellular pro-
tein tyrosine phosphatase (PTPase). Considering that phosphor-
ylation of Tyr55 is required for the inhibition of Ras-ERK sig-
naling by Spry2 (20), it is possible that inactivation of PTPase 
by ROS may lead to increased tyrosine phosphorylation of 
Spry2. Therefore, tyrosine-phosphorylated Spry2 may maintain 
the ability to interact with Raf-1 independent of its kinase ac-
tivity in v-H-ras transformed cells, provided that the relevant 
Raf-1 residues are not mutated. Another possible mechanism 
for Raf-1 regulation is that Spry2 acts as a scaffolding protein 
that brings Raf-1 into close proximity with its direct activators, 
such as Src or H-Ras, instead of directly regulating Raf-1 kinase 
itself. In fact, Spry2 has been known to physically interact with 
many other proteins such as protein phosphatase PP2A (21), 
caveolin-1 (22) and Tesk1 (23), although the functional con-
sequences have not been fully elucidated. Recent studies have 
indicated that Spry proteins modulate RTK-induced signaling 
pathways either negatively or positively depending on the 
availability of their interacting partners (24).

Taken together, these results indicate that, Spry2 may act as 
a scaffolding protein that assists the interaction of Raf-1 kinase 
with its direct regulators instead of directly regulating Raf-1 
kinase. Moreover, available data suggest that Spry2 regulates 
Raf-1 signaling by producing a protein complex containing re-
gulators such as a kinase and phosphatase (5). Future studies 
are aimed at elucidating the molecular mechanisms underlying 
the biological effects of Spry2.

MATERIALS AND METHODS

Antibodies and reagents
Mouse monoclonal anti-Raf-1 (E-10) antibody was obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA), and anti- 
phospho-MEK (Ser217/221) antibody was obtained from Cell 
Signaling Technology (Denvers, MA). A polyclonal anti-Spry2 
antibody was purchased from Millipore Co. (Billerca, MA). 
Protein A-agarose was obtained from Roche Molecular Bioche-
micals (Indianapolis, IN). Dulbecco’s modified Eagle’s medium 
(DMEM), fetal calf serum and penicillin-streptomycin were 
purchased from GIBCO-Invitrogen (Carlsbad, CA). Reagents 
for SDS-polyacrylamide gel electrophoresis were obtained 
from Bio-Rad (Hercules, CA). Monoclonal anti-FLAG M2 anti-
body and paclitaxel were obtained from Sigma (St. Louis, 
MO).

Plasmid DNA
The pCMV6 vector encoding full-length Spry2 cDNA was ob-
tained from OriGene Technologies, Inc. (Rockville, MD, USA). 
The pcDNA-FLAG-Raf construct, obtained from Dr. Wayne B. 
Anderson (NIH, Bethesda, MD), was used as template to gen-
erate FLAG-tagged Raf-1 point mutants using a QuickChange 
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The 
presence of point mutations was verified by DNA sequence 
analysis.

Mammalian cell culture, transient transfection and chemical 
treatment
Parental and v-Ha-ras transformed NIH 3T3 cells were main-
tained at 37oC in DMEM supplemented with 10% fetal calf se-
rum, penicillin-streptomycin and glutamine. Using Lipofecta-
mine 2,000 (Invitrogen), the cells were transiently transfected 
with vector expressing FLAG-tagged wt-Raf-1 or Raf-1 mutant 
(C165S, S259A, S338A, S499A, S621A, and YYFF) alone or in 
combination with vector expressing full-length Spry2. For knock-
down of Spry2, short hairpin RNA (shRNA) constructs against 
Spry2 (catalog number KH08189N) were purchased from 
SuperArray Bioscience Corporation (Frederick, MD). The tar-
geted sequence was: CCAAGGGTTGCCTTAAATTGT (#1). Plas-
mids containing the shRNA were transfected into cells using 
normal transfection methods as described above. After 24 h, 
the transfected cells were deprived of serum overnight prior to 
treatment with paclitaxel. Paclitaxel was dissolved in DMSO 
and freshly diluted for each experiment. DMSO concentrations 
were less than 0.1% in all experiments.

Preparation of cell lysates 
Whole cell lysates were prepared as follows. Cells were wash-
ed twice with ice-cold phosphate-buffered saline (PBS) and 
then harvested by scraping into lysis buffer (20 mM Tris, pH 
8.0, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1 mM phe-
nylmethylsulfonyl fluoride, 20 μg/ml aprotinin, 10 μg/ml leu-
peptin, 20 mM β-glycerophosphate and 2 mM sodium fluo-
ride). Cell lysates were clarified by centrifugation at 15,000 x g 
for 10 minutes at 4oC, and lysate protein concentrations were 
determined using a BCA protein assay reagent kit as described 
by the manufacturer (Pierce; Rockford, IL).

Coimmunoprecipitation and immunoblot analysis
To isolate the Spry2-Raf-1 complex, immunoprecipitation was 
performed on whole cell lysates using monoclonal anti-FLAG 
M2 antibody and protein A-agarose beads. For detection of 
Spry2 proteins coimmunoprecipitated with FLAG-Raf-1, immuno-
precipitates were denatured in Laemmli sample buffer and re-
solved by 10% SDS-polyacrylamide gel electrophoresis. The 
proteins were transferred to a nitrocellulose membrane and 
immunoblot analysis was performed using a polyclonal an-
ti-Spry2 antibody. Immunocomplexes were detected by en-
zyme-linked chemiluminescence (Amersham Pharmacia Biotech, 
Piscataway, NJ). Fluorescent images were captured using a 
KODAK Image Station 4000R (Carestream Health, Inc., Rochester, 
NY). Bands were quantified using Kodak Molecular Imaging 
software, version 4.5.0 (Carestream Health, Inc.).

In vitro Raf-1 kinase assay
Raf-1 kinase activity was measured by phosphorylation of re-
combinant MEK-1 (Santa Cruz Biotechnology) as previously 
described (14). Briefly, FLAG-tagged Raf-1 proteins were spe-
cifically immunoprecipitated from whole cell lysates using a 
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monoclonal anti-FLAG M2 antibody. The washed immunopre-
cipitates were incubated in 40 μl of kinase buffer containing 1 
μg of recombinant MEK at 30oC for 30 min. The samples were 
resolved by SDS-PAGE, transferred to a nitrocellulose mem-
brane and probed with a polyclonal phospho-specific MEK 
antibody. Detection was accomplished using the ECL-Plus che-
miluminescent system and visualized using a KODAK Image 
Station 4000R.

Immunofluorescence staining
For immunofluorescence staining, cells were grown on cham-
ber slides (Nunc) and then fixed in 10% formalin solution for 
10 min, as described by Park et al. (25) with minor modifica-
tions. Samples were blocked with blocking solution (1% BSA, 
0.6% Triton X-100 in PBS) for 1 h and incubated with primary 
antibodies diluted in blocking solution for 16 h at 4oC. FITC- 
coupled anti-mouse IgG was used to detect Raf-1 mutants 
while Texas Red-coupled anti-rabbit IgG was used to visualize 
Spry2. Photographs were taken at 1,000× magnification through 
a Zeiss Axio Scope.A1 epifluorescence microscope (Carl Zeiss 
MicroImaging, Inc., Thornwood, NY).
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