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A requirement for scaffolding complexes containing internalized G
protein-coupled receptors and b-arrestins in the activation and
subcellular localization of extracellular signal-regulated kinases 1
and 2 (ERK1y2) has recently been proposed. However, the compo-
sition of these complexes and the importance of this requirement
for function of ERK1y2 appear to differ between receptors. Here
we report that substance P (SP) activation of neurokinin-1 receptor
(NK1R) stimulates the formation of a scaffolding complex compris-
ing internalized receptor, b-arrestin, src, and ERK1y2 (detected by
gel filtration, immunoprecipitation, and immunofluorescence). In-
hibition of complex formation, by expression of dominant-nega-
tive b-arrestin or a truncated NK1R that fails to interact with
b-arrestin, inhibits both SP-stimulated endocytosis of the NK1R and
activation of ERK1y2, which is required for the proliferative and
antiapoptotic effects of SP. Thus, formation of a b-arrestin-con-
taining complex facilitates the proliferative and antiapoptotic
effects of SP, and these effects of SP could be diminished in cells
expressing truncated NK1R corresponding to a naturally occurring
variant.

The neuropeptide substance P (SP) interacts with the neuro-
kinin-1 receptor (NK1R) to activate members of the mito-

gen-activated protein kinase (MAPK) cascade, including
extracellular signal-regulated kinases 1 and 2 (ERK1y2) and
p38MAPK. These pathways are often activated under different
conditions and can lead to both growth and apoptosis (1, 2). The
mechanism by which this signal specificity is conveyed is poorly
understood, although an emerging role for scaffolding protein
complexes that determine the subcellular localization and con-
sequent specificity of signaling proteins may provide an expla-
nation (3–5).

The most commonly studied mechanism by which G protein-
coupled receptors (GPCRs) activate MAPK is the release of G
protein bg subunits (3). G protein bg subunits recruit compo-
nents of the ras-dependent cascade, such as shc, grb2, and src,
leading to the activation of raf-1 and MAP kinase kinase 1, a
specific activator of ERK1y2 (6). A component of the MAPK
signaling pathway has recently been identified. b-arrestin, orig-
inally thought only to mediate receptor uncoupling and inter-
nalization, is required for activation of ERK1y2 by a number of
GPCRs (4, 5, 7, 8). In the case of proteinase-activated receptor
2 (PAR2), b-arrestin forms a complex with the internalized
receptor, raf-1, and ERK1y2, retaining the activated kinases in
the cytosol (4). Formation of this complex prevents the typical
proliferative effects associated with translocation of ERK1y2 to
the nucleus, thereby promoting phosphorylation of cytosolic
substrates. Thus, scaffolding complexes can determine the sub-
cellular location and specificity of ERK1y2 and thereby govern
the mitogenic potential of a given signal. A different b-arrestin
complex, containing the b2-adrenergic receptor (b2-AR) and the
tyrosine kinase src, also leads to ERK1y2 activation (5), but this
signaling pathway mediates a distinct set of cellular responses,
possibly because of different subcellular localization of the
activated kinases.

In view of these newly emerging roles for b-arrestin, and its
established involvement in endocytosis of NK1R (9, 10), we
hypothesized that the ability of SP to activate ERK1y2 depends
on the formation of b-arrestin-containing scaffolding complexes.
A naturally occurring truncated variant of the NK1R
(NK1Rd325) exhibits impaired SP-induced desensitization and
endocytosis, possibly because of an inability to interact with
b-arrestin (11, 12). Therefore, we also compared the ability of
wild type and truncated NK1R to activate ERK1y2. Our aims
were to (i) determine the effect of expressing a dominant
b-arrestin and truncated NK1R on SP-mediated ERK1y2 acti-
vation; (ii) identify the b-arrestin-containing scaffolding com-
plex; (iii) determine the subcellular localization of activated
ERK1y2; and (iv) investigate the physiological consequences of
SP-induced ERK1y2 activation.

Materials and Methods
Materials. Most reagents have been reported (4, 10, 12–14). Cell
Death Kit was from Boehringer Mannheim. Dithiobis(succin-
imidyl propionate) (DSP, crosslinker that is disrupted by reduc-
ing SDSyPAGE to allow detection of monomers) was from
Pierce. Antibodies to BAX-1 and Bcl2 were from Oncogene
Science. b-arrestin1 cDNA was from R. J. Lefkowitz (Duke
University, Durham, NC). Other reagents were from Sigma.

Cell Lines. Kirsten sarcoma virus-transformed rat kidney epithe-
lial cells (KNRK) were from American Type Culture Collection.
The following stable cell lines, which have been fully described
(10, 12), were used: KNRK-NK1R, expressing rat NK1R with
N-terminal Flag; KNRK-NK1Rd325, expressing FlagNK1R
truncated at residue 325; KNRK-NK1R 1 ARR, coexpressing
FlagNK1R and b-arrestin1 with C-terminal enhanced green
fluorescent protein (GFP) and KNRK-NK1R 1 ARR319–418,
expressing FlagNK1R and dominant-negative b-
arrestin319–418 with C-terminal GFP. Human dermal microvas-
cular endothelial cells (HDMEC; J. Ansel, Emory University,
Atlanta, GA), which naturally express the NK1R, were main-
tained for ,6 passages (15, 16).

MAPK Assays. Confluent cells were maintained in MEM without
serum overnight and incubated with 10–100 nM SP or
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[Sar9MetO2
11]SP for 0–60 min at 37°C. To examine the mech-

anism of ERK1y2 activation, cells were preincubated with
vehicle (control), 100 nM GF109203X, 10 mM genistein, or 20
mM tyrphostin 25 for 20 min. Activation of ERK1y2 was assessed
in whole-cell, nuclear, or cytosolic extracts by measuring kinase
activity with myelin basic protein as a substrate or by Western
blotting using antibodies to phosphorylated ERK1y2
(pERK1y2) (4).

Immunoprecipitation. Cells were preincubated with 1 mM DSP in
PBS for 1 h on ice, neutralized in 200 mM TriszHCl, pH 8.0, for
5 min, and immunoprecipitated as described (4).

Gel Filtration. Cells were lysed in RIPA buffer (0.15 M NaCly0.05
M TriszHCl, pH 7.2y1% Triton X-100y1% sodium deoxy-
cholatey0.1% SDS) and fractionated on a column (3 3 125 cm,
375 ml) of S300 Sephacryl preequilibrated in PBS (4). Proteins
were eluted in PBS at 1.1 mlymin, and fractions were collected
every 5 min. Proteins were precipitated with methanoly
chloroform and analyzed by 10% SDSyPAGE followed by
Western blotting with antibodies to NK1R (Flag M2 or 94168, to
NK1R C terminus), b-arrestin1, src, and ERK1y2 (4, 14).
Partition coefficients (s) and Stoke’s radii were calculated (17).

Immunofluorescence and Confocal Microscopy. Cells were incubated
with 10–100 nM SP or fluorescent Alexa 594-SP and fixed in 4%
paraformaldehyde (9, 10, 12–14). The NK1R was detected by
using Alexa-SP, b-arrestins with GFP, and src by immunofluo-
rescence (1:500, overnight, 4°C). Cells were observed by confocal
microscopy (12).

Proliferation Assays. Cells (104 cells per well in 24-well plates)
were grown to 80% confluence, maintained in serum-free
medium for 16 h, and incubated with 10–100 nM SP or
[Sar9MetO2

11]SP or 20% FCS for 48 h at 37°C. During the last
20 h, 1 mCi (1 Ci 5 37 GBq) [3H]thymidine was added.
Incorporation of [3H]thymidine into DNA and cell number were
determined (4).

Apoptosis Assays. Cells were serum-starved for 16 h and incu-
bated in serum-free medium for 24 h with 10–100 nM SP,
[Sar9MetO2

11]SP, or 20 mM U0126. Apoptotic double-stranded
DNA fragmentation was determined by terminal deoxynucle-
otidyltransferase-mediated UTP end labeling (TUNEL) assay
according to the manufacturer’s instructions for microscopy and
flow cytometry. Apoptotic protein expression was determined by
Western blotting of cell lysates with antibodies to BAX-1
(1:1,000), Bcl-2 (1:1,000), or actin (1:2,000; loading control) (4).

Statistical Analyses. Results are expressed as mean 6 standard
error. Differences were examined by ANOVA and Student–
Newman–Keul’s test, with P , 0.05 considered significant.

Results
NK1R Activates ERK1y2 by b-Arrestin and Tyrosine Kinase-Dependent
Pathways. In KNRK-NK1R cells, SP maximally stimulated
ERK1y2 phosphorylation by 6.0 6 0.8-fold (Fig. 1a) and
ERK1y2 activity by 5.5 6 1.0-fold (data not shown) over basal
at 5 min. In HDMEC, the NK1R selective agonist
[Sar9MetO2

11]-SP maximally stimulated ERK1y2 phosphoryla-
tion by 6.8 6 0.4-fold at 5 min (Fig. 1b). Thus, NK1R agonists
stimulate ERK1y2 in transfected cells and in cells that naturally
express the NK1R.

Expression of b-arrestin319–418 inhibits SP-induced endocyto-
sis of the NK1R, and NK1Rd325 is endocytosis-defective (10,
12). We investigated the requirement of b-arrestin-dependent
endocytosis for SP-stimulated ERK1y2 activation by comparing
KNRK-NK1R, KNRK-NK1R 1 ARR319–418, and KNRK-

NK1Rd325 cells. In comparison to KNRK-NK1R cells, peak
ERK1y2 phosphorylation (5 min) was reduced by 75 6 5% in
KNRK-NK1R 1 ARR319–418, and by 60 6 2% in KNRK-
NK1Rd325 cells (Fig. 1c). Expression of ARR-GFP did not
affect SP-mediated ERK1y2 activation (data not shown). Thus,
maximal activation of ERK1y2 at early times requires b-arrestin-
dependent internalization. And a truncated, internalization-
defective variant of the NK1R, which fails to interact with
b-arrestin (N.W.B., unpublished observation), does not fully

Fig. 1. NK1R-mediated activation of ERK1y2. (a and b) Cells were incubated
with 10 nM SP (KNRK) or 100 nM [Sar9MetO2

11]SP (SM-SP, HDMEC) for 0–60
min. Phosphorylation of ERK1y2 in KNRK-NK1R cells (a) and HDMEC cells (b).
(Inset) representative pERK Western blot. *, P , 0.05, as compared with
untreated controls, n 5 4. (c) KNRK-NK1R, KNRK-NK1R 1 ARR319–418, and
KNRK-NK1Rd325 cells were treated with 10 nM SP for 5 min and pERK1y2 was
determined. (Inset) pERK Western blots of untreated and SP-treated cells (Top,
NK1R; Middle, NK1R1ARR319–418; Bottom, NK1R, d325). *, P , 0.05 as com-
pared with SP-treated KNRK-NK1R cells, n 5 3. (d) KNRK-NK1R cells were
treated with 10 nM SP for 5 min with vehicle for inhibitors (veh), or after
pretreatment with 100 nM GF103209X (GFX), 20 mM genistein (GEN), or 20 mM
tyrphostin 25 (TYR) for 20 min, and pERK1y2 was determined. *, P , 0.05 for
cells treated with SP-treated controls, n 5 3. (e) KNRK-NK1R and KNRK-
NK1Rd325 cells were treated with or without 10 nM SP for 5 min and immu-
noprecipitated with either PYK2 antibody (Left) or shc antibody (Right),
followed by Western blotting with phosphotyrosine (pTYR) antibody.

DeFea et al. PNAS u September 26, 2000 u vol. 97 u no. 20 u 11087

PH
YS

IO
LO

G
Y



activate ERK1y2. At later time points (30 min), when ERK1y2
activation was diminished in cells expressing NK1R, ERK1y2
phosphorylation was reduced by 50 6 4% in KNRK-NK1R 1
ARR319–418 and by 47 6 3% in KNRK-NK1Rd325 cells (data
not shown). This diminished difference suggests a b-arrestin-
independent mechanism of ERK1y2 activation at later times.

GPCRs activate ERK1y2 by several mechanisms (18–20),
including transactivation of receptor tyrosine kinases (20–22)
and activation of proline rich tyrosine kinase 2 (PYK2), a
tyrosine kinase that leads to shc phosphorylation and ras-
activation (19, 23–25). To determine the mechanism used by
NK1R, we examined the sensitivity of SP-stimulated ERK
activation to GF103209X, a nonspecific protein kinase C inhib-
itor, genistein, a nonspecific tyrosine kinase inhibitor, and
tyrphostin 25, an inhibitor of receptor tyrosine kinases.
Genistein and tyrphostin 25 inhibited SP-stimulated ERK1y2
activation at 5 min by 53% and 65%, respectively, but
GF109203X had no effect (Fig. 1d). Similar results were ob-
served with NK1Rd325 (data not shown).

We hypothesized that ERK1y2 activation by SP might involve
activation of PYK2 and phosphorylation of the small adaptor
protein shc, and that the requirement for internalization might
lie downstream of these events. In KNRK-NK1R and KNRK-
NK1Rd325 cells, SP stimulated an '3-fold increase in PYK2
phosphorylation at 5 min (Fig. 1e). In cells expressing wild-type
NK1R, but not in cells expressing NK1Rd325, SP stimulated shc
phosphorylation (Fig. 1e). Thus, NK1R may use two mechanisms
to activate the srcyras pathway leading to ERK1y2 activity, with
only one being dependent on shc phosphorylation and receptor
internalization.

SP Induces the Formation of a Complex Comprising NK1R, b-Arrestin,
src, and ERK1y2. Agonists of PAR2 induce formation of a complex
comprising internalized receptor, b-arrestin, raf-1, and
pERK1y2, that sequesters activated kinases in the cytosol (4).
Agonists of the b2-AR induce formation of a different complex
of the receptor, b-arrestin, and src (5). Thus, agonists of different
GPCRs lead to the formation of different b-arrestin-containing
complexes that could direct substrate specificities in a receptor-
dependent fashion. We examined whether SP induced associa-
tion of b-arrestin with either raf-1 or src by coimmunoprecipi-
tation. When KNRK-NK1R cells were treated with SP for 5 min
followed by crosslinking with DSP, src and NK1R could be
coprecipitated with b-arrestin (Fig. 2 a and b). b-arrestin and src
also coprecipitated to a minor extent in unstimulated cells. In
KNRK-NK1Rd325 cells, SP-induced association of both src and
NK1R with b-arrestin was strongly inhibited, suggesting a re-
quirement for receptor internalization in this process (Fig. 2 a
and b). Coprecipitation of raf-1 with b-arrestin was not observed
(data not shown), suggesting the complex formed in response to
SP differs from that observed with activation of PAR2, but
resembles that observed for the b2-AR (4, 5)

To confirm these findings, and to determine the subcellular
distribution of this putative complex, we used confocal micros-
copy. In unstimulated KNRK-NK1R 1 ARR cells, NK1R and
src were at the plasma membrane and b-arrestin1 was in the
cytosol (data not shown and see refs. 9 and 10). SP induced
translocation of b-arrestin1 to the plasma membrane (at 0 and
5 min) where it colocalized with Alexa-SP (and thus the NK1R)
and src (Fig. 2 c and d). At 30 min, b-arrestin1 and NK1R were
confined to the same endosomes, whereas src remained at the
plasma membrane. In KNRK-NK1Rd325, SP did not induce
membrane translocation of b-arrestin or rapid endocytosis of the
NK1R (data not shown). These results suggest that the putative
complex forms at or near the plasma membrane, similar to
observations made with the b-arrestin complex formed on
activation of PAR2 (4).

To examine the formation of a scaffolding complex, we treated

KNRK-NK1R cells and HDMEC with SP or [Sar9MetO2
11]SP,

respectively, crosslinked proteins with DSP, and fractionated
lysates by gel filtration. In the absence of SP, NK1R, b-arrestin,
src, and ERK1y2 did not all coelute (Fig. 3 a and c). SP induced
a redistribution in the elution profiles of these proteins such that
NK1R, b-arrestin, src, and ERK1y2 coeluted between s 0.33–
0.45 in KNRK-NK1R cells and 0.39–0.41 in HDMEC (Fig. 3 b
and d). This range corresponds to a Stoke’s radius of '6 nm or
a molecular mass of '300 kDa. The size of this complex is
considerably larger than would be predicted from the sum of
these four proteins, suggesting the presence of other proteins, as
observed for PAR2 (4). Both b-arrestin and src eluted in regions

Fig. 2. (a and b) Association of b-arrestin with src and NK1R. KNRK-NK1R and
KNRK-NK1Rd325 cells were treated with or without 10 nM SP for 5 min,
crosslinked with DSP, and immunoprecipitated with b-arrestin (b-arr) anti-
body, followed by Western blotting with src (a) or NK1R (b) antibodies. (c and
d) Localization of b-arrestin, src, and NK1R. KNRK-NK1R 1 ARR cells were
incubated with 100 nM Alexa-SP (c) or 10 nM SP (d) for 60 min at 4°C, washed,
and incubated at 37°C for 0–30 min. NK1R was localized by Alexa-SP, b-arres-
tin with GFP, and src by immunofluorescence with a Texas-red-conjugated
secondary antibody. Colocalization is shown in yellow in the merged images.
Arrowheads indicate plasma membrane, and arrows indicate intracellular
localization. (Scale bar 5 10 mm.)
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other than those containing the complex, suggesting their in-
volvement in other complexes. SP also induced the aggregation
of src into very large complexes that eluted in the void volume
(data not shown), which explains the apparent quantitative loss
of src.

SP Induces Nuclear Translocation of Activated ERK1y2 and Prolifera-
tion. The varying role of b-arrestin in the activation of ERK1y2
by different receptors may ensure the appropriate subcellular
localization and substrate specificity of the activated kinases.
Therefore, we examined whether the formation of this NK1Ry
b-arrestinysrc complex might direct the subcellular localization
of activated ERK1y2 by assaying ERK1y2 after subcellular
fractionation. In KNRK-NK1R cells, SP stimulated ERK1y2
phosphorylation in both cytosolic and nuclear fractions (Fig. 4
a and b, E). In KNRK-NK1Rd325 cells, nuclear and cytosolic
ERK1y2 phosphorylation was reduced by '50% at 5 min (Fig.
4 a and b, Œ), similar to that observed in total cellular lysates.
Although this difference in the cytosol was lost after 30 min, it
persisted in the nucleus. Thus, in contrast to PAR2, the NK1Ry
b-arrestinysrc complex does not sequester activated ERK1y2 in
the cytosol (4).

Because nuclear translocation of ERK1y2 may induce tran-
scription of mitogenic genes, we examined whether SP stimu-
lated [3H]thymidine incorporation into newly synthesized DNA
and cell proliferation in KNRK-NK1R and KNRK-NK1Rd325
cells. In both cell lines, serum stimulated an '3-fold increase in
proliferation (Fig. 4c) and cell number (data not shown). How-
ever, whereas SP stimulated a 2.8 6 0.4-fold increase in [3H]thy-
midine incorporation and a 3.0 6 0.6-fold increase in cell number
in KNRK-NK1R cells, SP stimulated only a 1.6 6 0.4-fold
increase in [3H]thymidine incorporation and a 1.5 6 0.2-fold
increase in cell number in KNRK-NK1Rd325 cells (Fig. 4c).
Because KNRK cells are ras-transformed, we confirmed the
proliferative effects of [Sar9MetO2

11]SP in HDMEC. Treatment

of HDMEC with [Sar9MetO2
11]SP resulted in a 2.1 6 0.3-fold

increase in [3H]thymidine incorporation and a 2.0 6 0.3-fold
increase in cell number, suggesting that the observed prolifer-
ative effects of SP are not artifacts of a ras-transformed cell line.

Although SP stimulates proliferation of endothelial cells,
nondividing cells such as neurons also express the NK1R.
Therefore, we addressed the possibility that ERK1y2 activation
by NK1R might serve to protect cells from apoptosis, using a
TUNEL assay to determine DNA fragmentation. KNRK-NK1R
cells were serum-starved for 16 h and then maintained without
serum for another 24 h in the presence or absence of SP or the
MAP kinase kinase 1 inhibitor, U0126. Whereas prolonged
serum withdrawal induced apoptosis (Fig. 5a Top), SP decreased
the apoptotic response (Fig. 5a Middle). U0126 reversed the
protective effect of SP (Fig. 5a Bottom), suggesting this effect is
mediated by activation of ERK1y2. DAPI staining of total nuclei
(Fig. 5 Right) showed that the observed decrease in FITC-labeled
nuclei was not caused by a decrease in cell number. We used flow
cytometry to quantify apoptosis. In this analysis, M1 represents
background fluorescence, M2 the basal f luorescence of control
cells grown with serum, and M3 the apoptotic cells as deter-
mined by a shift in the mean fluorescence with respect to the
controls. In the presence of serum, .80% of cells were in M2
(data not shown). After serum withdrawal, 70 6 5% of the cells
shifted to M3, indicating apoptosis (Fig. 5b). SP reduced the
number of cells in M3 by 60 6 5%. This effect was reversed by
U0126. This protective ability of NK1R agonists was confirmed
in HDMEC. Serum starvation induced a 50% increase in
apoptosis that was reversed by [Sar9MetO2

11]SP (Fig. 5c).
We examined the possibility that SP might regulate the

expression of anti- and proapoptotic protein such as Bcl-2 and
Bax-1, respectively, in an ERK1y2-dependent fashion (26–29).
In KNRK-NK1R cells and HDMEC, serum starvation resulted
in low levels of Bcl-2 expression and high expression of BAX-1
(Fig. 5d). In KNRK-NK1R cells, SP stimulated Bcl-2 expression

Fig. 3. Gel filtration analysis. Elution profiles from an S300-Sephacryl column of NK1R, src, b-arrestin, and ERK1y2 from KNRK-NK1R 1 ARR cells (a and b) and
HDMEC (c and d). Cells were incubated with (b and d) or without (a and c) 10 nM SP (KNRK cells) or 100 nM [Sar9MetO2

11]SP (SM-SP, HDMEC) for 5 min, crosslinked
with DSP, and fractionated. Western blots of all four proteins in eluted fractions within partition coefficients (s) of 0.09–0.86 are shown. The region where all
four proteins coelute after treatment with NK1R agonists is designated by the star.
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and inhibited BAX-1 expression, and U0126 prevented these
effects. In HDMEC, [Sar9MetO2

11]SP stimulated Bcl-2 expres-
sion and slightly inhibited BAX-1 expression, and U0126 pre-
vented these effects (Fig. 5d). Actin expression levels remained
constant, showing that this effect on apoptotic gene expression

was not attributable to an effect on overall protein levels. Thus,
SP induces expression of antiapoptotic genes and protects
against apoptosis in an ERK1y2-dependent manner.

Discussion
Our results using transfected KNRK cells and endothelial cells
that naturally express the NK1R show that NK1R agonists
strongly activate ERK1y2 by a b-arrestin-dependent mechanism.
SP induces the formation of a multiprotein complex containing
NK1R, b-arrestin, src, and ERK1y2, which forms close to the
plasma membrane. Once activated, ERK1y2 translocate to the
nucleus to induce proliferation and to protect from apoptosis. A
truncated, desensitization- and internalization-defective mutant
of the NK1R that does not interact with b-arrestin and that may
correspond to a naturally occurring variant shows impaired
ability to activate ERK1y2. Thus, the capacity of SP to affect
proliferation and apoptosis in vivo may depend on whether cells
express full length or truncated variants of the NK1R.

SP Induces the Formation of a Multiprotein Scaffolding Complex. SP
induced the formation of a complex comprising NK1R, b-ar-

Fig. 4. Nuclear translocation of ERK1y2. (a and b) pERK1y2 in KNRK-NK1R (E)
and KNRK-NK1Rd325 (Œ) cells after treatment with 10 nM SP for 0–30 min in
cytosolic fractions (a) and nuclear fractions (b). (Inset) pERK Western blots. (c)
-Fold increase in [3H]thymidine incorporation into newly synthesized DNA of
KNRK-NK1R, KNRK-NK1Rd325, and HDMEC cells after 48 h with 10 nM SP
(KNRK cells), 100 nM [Sar9MetO2

11]SP (SM-SP, HDMEC), or 20% serum (ser), as
compared with untreated cells. *, P , 0.05 as compared with untreated cells,
n 5 3 (a and b) and 4 (c).

Fig. 5. Apoptosis assays. (a) KNRK-NK1R cells were serum-starved for 16 h,
followed by continued serum starvation for 24 h in the absence (Top) or
presence (Middle) of 10 nM SP, or in the presence of 10 nM SP and 20 mM
U0126 (Bottom). TUNEL assay shows FITC-labeled Br-dUTP incorporation
into apoptotic nuclei of cells (Left), and the 496-diamidino-2-phenylindole
(DAPI) staining reveals nuclei (Right). (b) Fluorescence-activated cell sorter
(FACS) analysis of data shown in a as a percentage of total cells (y axis) in
each of three groups: M1 (no fluorescence), M2 (basal fluorescence, healthy
cells), and M3 (high fluorescence, apoptotic cells). (c) HDMEC were serum-
starved for 24 h in the absence or presence of 100 nM[Sar9MetO2

11]SP
(SM-SP). FACS analysis was as in b. Control shows background fluorescence.
(d) KNRK-NK1R cells or HDMEC were treated as described in a and c, and
expression of proapoptotic BAX-1, antiapoptotic Bcl-2, and actin (control)
was determined by Western blotting. *, P , 0.05, as compared with serum
controls, n 5 3 (b and d).
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restin, src, and ERK1y2, identified by immunoprecipitation, gel
filtration, and confocal microscopy. This complex resembles that
formed in HEK293 cells expressing the b2-AR (5). In contrast,
the complex that forms in response to PAR2 agonists comprises
PAR2, b-arrestin, raf, and pERK, and results in cytosolic
retention of ERK1y2 (4). b-arrestin is an integral component of
these complexes and contains domains that bind phosphorylated
receptors, clathrin, src, and, possibly, raf (4, 5). However, the
requirement for b-arrestin-dependent endocytosis in ERK1y2
activation differs between receptor types. This variation is
independent of cell type, because the two receptors (NK1R and
PAR2) expressed in the same cell line (KNRK) induce the
formation of distinct scaffolding complexes.

SP-Induced ERK1y2 Activation Is Facilitated by b-Arrestin-Mediated
Receptor Endocytosis. Our results suggest that the NK1R couples to
two pathways of ERK1y2 activation. One pathway depends on
b-arrestin-mediated receptor endocytosis, as SP-stimulated
ERK1y2 activation was inhibited by expression of dominant-
negative b-arrestin or internalization-defective NK1Rd325. Activa-
tion of ERK1y2 by both wild-type and truncated NK1R also
depended on tyrosine kinases and transactivation of receptor
tyrosine kinases, but was independent of protein kinase C, and
resulted in PYK2 phosphorylation. However, both of these events
were diminished in cells expressing NK1Rd325. The truncated
receptor was also incapable of forming a complex with b-arrestin
and src, suggesting that this complex might serve to link the receptor
to the ras-dependent pathway of ERK1y2 activation, perhaps
potentiating its activation and nuclear translocation. The activation
of nuclear ERK1y2 was delayed in the case of NK1Rd325, which is
consistent with the concept of two separate mechanisms of activa-
tion. The pathway used by this naturally occurring truncated
receptor to activate ERK1y2 and the physiological outcomes of this
activation remain to be determined.

Functional Consequences of SP-Mediated ERK1y2 Activation. An
important question with respect to the present studies is: What
is the functional significance of the newly emerging role for
b-arrestin-dependent scaffolding complexes in ERK1y2 activa-
tion? The experiments shown here, and studies on the b2-AR,
suggest that the formation of a receptoryb-arrestinysrc complex
directs activation and nuclear translocation of ERK1y2, leading
to the proliferative effects associated with activation of some
GPCRs (30). In the case of PAR2, formation of a receptoryb-
arrestinyrafyERK1/2 complex leads to cytosolic retention of
activated kinases and promotes the nonproliferative effects

associated with that receptor (4), including actin–cytoskeleton
rearrangements (K.A.D. and N.W.B., unpublished observa-
tions). In contrast to the NK1R, where an internalization- and
desensitization-defective mutant exhibits diminished ability to
activate ERK1y2, a comparable PAR2 mutant strongly activates
ERK1y2, resulting in nuclear translocation and proliferation (4).
Although the function of the complex formed in the case of
PAR2 may be cytosolic retention of ERK1y2, the purpose of the
complex formed in the case of the NK1R seems to be potenti-
ation of the tyrosine kinase-dependent pathway of ERK1y2
activation. Dimerization is a prerequisite for nuclear transloca-
tion of ERK1y2 (31), an event required for proliferative effects
of ERK1y2 activation (32). In SP-treated cells, a considerable
portion of the ERK1y2 redistributed to partition coefficients of
'0.6 nm Stoke’s radius, which would be consistent with the
formation of ERK1y2 dimers, and complex formation may
promote dimerization. Because the C termini of PAR2 and
NK1R are important for complex formation, perhaps by serving
as scaffolds for the assembly of other proteins, it will be of
interest to determine whether the C-terminal tails of GPCRs can
confer substrate specificity onto activated ERK1y2.

For the full-length NK1R, formation of a b-arrestin-containing
complex allows nuclear translocation of ERK1y2, proliferation, and
protection from apoptosis. In support of these findings, agonists of
the NK1R stimulate proliferation of endothelial cells and protect
thymocytes from glucocorticoid-induced apoptosis in vitro and in
vivo (33, 34). These events may be of importance during neurogenic
inflammation, when SP is released from the peripheral endings of
primary spinal afferent neurons. However, SP is less able to activate
these pathways in cells expressing truncated NK1R, suggesting that
the effects of SP depend on whether cells express full-length or
truncated NK1R. Moreover, the antiapoptotic effects of SP occur
only when cells are arrested in G1yS and an opposing MAPK
cascade is activated in actively dividing cells, leading to a proapo-
ptotic effect (K.A.D. and N.W.B., unpublished observations). Fu-
ture studies will need to investigate the possibility that a b-arrestin
scaffolding complex can serve as a molecular switch for activation
of proliferative or apoptotic pathways under different conditions.
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and Paul Dazin for help with flow cytometry. This work was supported by
National Institutes of Health Grant DK39957.
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