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The Ras-dependent activation of mitogen-activated protein (MAP) kinase path-
ways by many receptors coupled to heterotrimeric guanine nucleotide binding
proteins (G proteins) requires the activation of Src family tyrosine kinases.
Stimulation of B, adrenergic receptors resulted in the assembly of a protein
complex containing activated c-Src and the receptor. Src recruitment was
mediated by B-arrestin, which functions as an adapter protein, binding both
c-Src and the agonist-occupied receptor. 3-Arrestin 1 mutants, impaired either
in c-Src binding or in the ability to target receptors to clathrin-coated pits, acted
as dominant negative inhibitors of 3, adrenergic receptor-mediated activation
of the MAP kinases Erk1 and Erk2. These data suggest that 3-arrestin binding,
which terminates receptor-G protein coupling, also initiates a second wave of
signal transduction in which the “desensitized” receptor functions as a critical
structural component of a mitogenic signaling complex.

The basic unit of G protein—coupled receptor
(GPCR) signaling consists of three parts: a
heptahelical receptor that detects ligands in
the extracellular milieu, a G protein that dis-
sociates into « subunits bound to guanosine
triphosphate (GTP) and By subunits after in-
teraction with the ligand-bound receptor, and
an effector that interacts with dissociated G
protein subunits to generate small-molecule
second messengers. The receptor—G protein
interaction is catalytic; that is, one receptor
sequentially activates multiple G proteins.
The termination of GPCR signals involves
binding of proteins to the receptor. This pro-
cess is initiated by serine-threonine phospho-
rylation of agonist-occupied receptors, both
by members of the G protein—coupled recep-
tor kinase (GRK) family and by second-mes-
senger—activated protein kinases such as
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adenosine 3’,5’-monophosphate—dependent
protein kinase (PKA) and protein kinase C.
Receptor phosphorylation by GRKs is fol-
lowed by binding of proteins termed ar-
restins, which bind the phosphorylated recep-
tor and sterically inhibit further G protein
activation (/). Desensitized receptor-arrestin
complexes undergo arrestin-dependent tar-
geting for sequestration through clathrin-
coated pits (2, 3). Sequestered receptors are
ultimately either dephosphorylated and recy-
cled to the cell surface or targeted for degra-
dation (4).

Many GPCRs mediate Ras-dependent ac-
tivation of mitogenic signaling pathways
through mechanisms similar to those that me-
diate signaling by receptor tyrosine kinases
(RTKs). Although the activation of G pro-
teins is clearly necessary, several lines of
evidence indicate that the classical model of
GPCR signaling is insufficient to account for
these Ras-dependent signals. In fibroblasts,
GPCR-mediated stimulation of the MAP ki-
nases Erkl and Erk?2 is dissociable from the
activation of G protein effectors such as
phospholipase C and adenylyl cyclase (5).
Rather, GPCR-mediated activation of Erks
requires tyrosine protein phosphorylation and
assembly of a membrane-associated Ras ac-
tivation complex. Stimulation of receptors
coupled to members of the G; and G, classes
of G protein « subunit induces rapid tyrosine
phosphorylation of the Shc and Gab] adapter
proteins, followed by Grb2-dependent re-
cruitment of the Ras guanine nucleotide ex-
change factor mSos! (6, 7).

Recruitment and activation of Src family
nonreceptor tyrosine kinases is required for
GPCR-mediated activation of Ras. Stimula-

tion of Src, Fyn, Yes, or Lyn activity by
several GPCRs has been reported (8, 9),
and inhibition of Src kinase activity impairs
lysophosphatidic acid (LPA) and 8, adren-
ergic receptor (B,AR)-mediated tyrosine
phosphorylation of Shc and Gabl, forma-
tion of She-Grb2 complexes, and activation
of Erks (7, 9, 10).

Activation of Erks by B,ARs is also depen-
dent on receptor desensitization and sequestra-
tion, processes generally regarded as signal ter-
mination events. In HEK-293 cells, PKA-me-
diated phosphorylation of the B,AR confers
receptor coupling to G;, with subsequent stim-
ulation of Erks mediated through activation of
G; (10). Further, cellular expression of domi-
nant inhibitory mutants of 8- arrestin 1 or dy-
namin, which inhibit agonist-induced receptor
sequestration, block B,AR-mediated activation
of Erks, with no effect on receptor-mediated
second messenger generation (/7).

Agonist-promoted formation of a pro-
tein complex containing the (3, adrenergic
receptor, (3-arrestin 1, and c-Src. In un-
stimulated fibroblasts, about 90% of the Src
is associated with intracellular vesicle mem-
branes, away from the plasma membrane.
Upon activation of RTKs, 5 to 10% of the Src
redistributes either to the plasma membrane
or to the cytoskeleton (/2). To determine
whether B,AR activation induces the redistri-
bution of Src, we examined the effects of
isoproterenol stimulation on the cellular dis-
tribution of endogenous Src in cells transient-
ly expressing hemagglutinin (HA) epitope—
tagged B,ARs.

The distribution of B,AR, B-arrestin, and
Src in HEK-293 cells was determined by con-
focal immunofluorescence microscopy before
and after exposure to agonist (Fig. 1). Before
stimulation, the B,ARs were organized into
plasma membrane clusters by cross-linking
with a polyclonal rabbit antibody to HA; this
was done to facilitate visualization of B,ARs in
the absence of agonist and to prevent their
agonist-induced translocation to clathrin-coated
pits. In the absence of agonist, B-arrestin stain-
ing was predominantly cytosolic, with no dis-
tinct aggregates corresponding to the distribu-
tion of the 3,AR clusters (Fig. 1A). After ex-
posure of cells to isoproterenol for 5 min, a
portion of immunoreactive (-arrestin appeared
in plasma membrane clusters that coincided
with the distribution of B,ARs, indicative of
agonist-dependent translocation of B-arrestin to
the receptor.

Activated Src was visualized with a
monoclonal antibody (mAb), Clone 28,
which specifically recognizes the activated
form of c-Src dephosphorylated at COOH-
terminal residue Tyr>*° (13). In the absence
of agonist, activated Src was found primarily
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associated with cytoskeletal components, and
no substantial overlap of receptor and Src
existed (Fig. 1B). After a 5-min exposure to
agonist, a portion of the activated Src ap-
peared in plasma membrane clusters that co-
incided precisely with the distribution of the
B,ARs. Thus, like B-arrestins, endogenous
Src undergoes an agonist-dependent redistri-
bution to localize with B,ARs.

Endogenous B-arrestin and c-Src copre-
cipitated with Flag epitope—tagged B,ARs
from transfected HEK-293 cells after expo-
sure of the cells to agonist and covalent cross-
linking of receptor-associated proteins (Fig.
2A). B-Arrestin 1 and c-Src exhibited a sim-
ilar time course of receptor association, with
complex formation increasing by about a fac-
tor of 5 within 2 to 5 min of exposure to
isoproterenol.

Agonist-dependent recruitment of Src to
B,ARs might represent direct association of
the kinase and receptor. Alternatively, it
might reflect binding of the kinase to a third
protein, such as (-arrestin, that binds the
receptor in an agonist-dependent manner. Be-
cause COS-7 cells express small amounts of
endogenous B-arrestins (/4), we used them to
determine whether overexpression of B-arres-
tin would enhance association of c-Src with
Flag epitope—tagged B,ARs. Little agonist-
induced binding of endogenous -arrestins or
c-Src to the receptor was detectable in COS-7
cells in the absence of overexpressed B-arres-
tin 1 (Fig. 2B). Increases in receptor-bound
{-arrestin (by a factor of 2 to 3) were detect-
able after 1 min of agonist exposure in cells
overexpressing wild-type B-arrestin 1. In the
absence of excess B-arrestin 1, overexpres-
sion of wild-type c-Src was not sufficient to
produce detectable association of c-Src with
the B,AR. However, when both wild-type
c-Src and B-arrestin 1 were overexpressed,
agonist treatment resulted in an increase (by a
factor of 3 to 4) in the amount of c-Src
present in the 3,AR immunoprecipitate. The
stoichiometric ratio of c-Src to B-arrestin 1 in
these receptor immunoprecipitates was 0.84
(£0.15):1 (n = 6), consistent with the exclu-
sive association of c-Src with P-arrestin—
bound receptors. In contrast, angiotensin II
type 1A (AT1A) receptors, which internalize
in a B-arrestin—independent manner (/5), did
not form agonist-induced complexes with c-
Src under identical conditions (/6). The in-
trinsic tyrosine kinase activity of c-Src was
not required for the formation of c-Src—3-
arrestin 1-B,AR complexes because a cata-
lytically inactive mutant c-Src (Lys®*® —
Met, or K298M) was recruited into the com-
plex as effectively as wild-type c-Src.

B-Arrestin 1 and c-Src immunoprecipi-
tates from whole-cell detergent lysates of
transfected COS-7 cells each contained the
other protein, suggesting that the B-arrestin—
dependent association of c-Src with the re-
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ceptor reflected the formation of B-arrestin
1—c-Src complexes (Fig. 2C). Isoproterenol
stimulation increased the association of B-
arrestin 1 and c-Src by about a factor of 2.
Activation of ¢-Src bound to -arrestin 1.
Intramolecular binding of the Src homology 2
(SH2) domain of c-Src to a phosphorylated
tyrosine residue within its COOH-terminus
(Tyr>3°) suppresses c-Src kinase activity (17).
Activation of c-Src is often associated with

A

Receptor

B-Arrestin

dephosphorylation of this COOH-terminal reg-
ulatory tyrosine. Protein binding to the c-Src
SH2 or SH3 domains may also produce con-
formational changes that increase kinase activ-
ity. For example, binding of the c-Src SH3
domain to a peptide fragment of the Crk-asso-
ciated substrate p130©2*-related protein, Sin, is
sufficient to induce activation of c-Src (/8).
Similarly, binding of the human immunodefi-
ciency virus-type 1 Nef protein to the SH3

Overlay

Overlay

Fig. 1. Localization of B-arrestin and activated Src with 3,ARs after agonist exposure. HEK-293 cells
transiently expressing HA epitope—tagged [3,ARs were grown on ethanol-washed cover slips (35).
Epitope-tagged receptors were organized into plasma membrane clusters by cross-linking with a
primary layer of rabbit polyclonal antibody to the HA epitope, followed by a secondary layer of
fluorescein-conjugated goat antibody to rabbit IgG. Cells were stimulated for 5 min at 37°C in the
absence or presence of isoproterenol (10 M), then fixed, permeabilized, and labeled with either a
primary B-arrestin 1 mAb (A) or a primary mAb (Clone 28) raised against Tyr53°-dephosphorylated
c-Src (B), followed by a secondary layer of Texas Red—conjugated goat antibody to mouse IgG (27,
36). Shown are representative confocal microscopic images depicting the cellular distribution of
B,ARs (left panels) and B-arrestin 1 or Tyr>*°-dephosphorylated c-Src (center panels). Overlay
images (right panels) depict colocalization of (,ARs and B-arrestin or c-Src in the presence of

agonist (yellow).
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domain of the Src family tyrosine kinase Hck
increases the specific activity of the kinase in
vitro (19).

The clone 28 antibody to dephosphoryl-
ated Src recognizes c-Src present in {3-arres-
tin 1 immunoprecipitates (Fig. 3A). The spe-
cific activity of c-Src in B-arrestin 1 immu-
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noprecipitates was 8.8 times the activity mea-
sured in whole-cell c-Src¢ immunoprecipitates
from HEK-293 cells transiently overexpress-
ing both c-Src and B-arrestin 1 (20), suggest-
ing that the c-Src associated with B-arrestin 1
is an activated form of the kinase (Fig. 3B).

Because the c-Src bound to B-arrestin 1 is
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linking with DSP (37). Left panel: After
cross-linking, Flag epitope-tagged [B.ARs

were immunoprecipitated, and coprecipitated endogenous B-arrestin 1 and c-Src were detected by
protein immunoblotting (38). Right panel: Portions representing 5% of the whole-cell lysates (50
g of protein) were immunoblotted in parallel and used as a reference to quantify coprecipitated
{B-arrestin 1 and c-Src as percentages of the cellular pool of each protein. (B) COS-7 cells transiently
overexpressing Flag epitope—tagged B,AR, plus wild-type or catalytically inactive mutant (K298M)
c-Src or wild-type B-arrestin 1 (or both), were incubated for 1 min in the absence (-) or presence
(+) of isoproterenol. Left panel: After cross-linking, Flag epitope-tagged 3,ARs were immunopre-
cipitated, and coprecipitated B-arrestin 1 and c-Src were detected by protein immunoblotting.
Portions representing 5% of the whole-cell lysates were immunoblotted to confirm uniform
overexpression of c-Src and B-arrestin 1. Right panel: Amounts of c-Src and B-arrestin 1 copre-
cipitating with Flag epitope—tagged B,ARs are shown, expressed as multiples of the basal (NS)
amount. The data are normalized to the amount of endogenous c-Src or B-arrestin 1
coprecipitated with receptor in the absence of agonist. Data are means = SEM of three
independent experiments. (C) COS-7 cells transiently overexpressing Flag epitope—tagged
B;AR, wild-type c-Src, and B-arrestin 1 were incubated for 2 min in the absence () or presence
(+) of isoproterenol. After cross-linking, Flag epitope—tagged B,ARs, c-Src, or B-arrestin 1 were
immunoprecipitated, and coprecipitated B-arrestin 1 and c-Src were detected by protein

immunoblotting.

substantially dephosphorylated at Tyr>3°, these
data do not distinguish whether binding results
in conformational activation of the kinase, or
whether B-arrestin 1 simply binds preferentially
to dephosphorylated c-Src. To distinguish these
alternatives, we determined whether B-arrestin
1 binding affected the specific activity of the
Tyr*3® — Phe (Y530F) mutant of c-Src, in
which the regulatory COOH-terminal phos-
phorylation site has been mutated to phenylal-
anine, or of the retroviral oncogene product
v-Src, which lacks the COOH-terminal regula-
tory domain. Binding to 3-arrestin 1 increased
the relative specific activity of both YS30F
c-Src and v-Src (Fig. 3B), consistent with ki-
nase activation resulting from a conformational
change induced by B-arrestin 1 binding inde-
pendent of the phosphorylation state of the
c-Src COOH-terminus.

Binding of c¢-Src to the B-arrestin 1 NH,-
terminus. To determine the region of B-arrestin
1 that interacts with c-Src, we used a series of
Flag epitope—tagged [B-arrestin 1 deletion or
truncation mutants (Fig. 4A). Wild-type or mu-
tant B-arrestin 1 was expressed in COS-7 cells
along with wild-type c-Src, and coprecipitation
of B-arrestin 1-bound c-Src was monitored by
immunoblotting. Deletion of amino acids 1 to
185 from the NH,-terminus of B-arrestin 1
resulted in the complete loss of ¢-Src binding
(Fig. 4B). Conversely, a B-arrestin 1 fragment
that comprised amino acids 1 to 163 interacted
with ¢-Src as efficiently as did wild-type (-
arrestin 1, indicating that c-Src binds to the -
arrestin 1 NH,-terminus.

To determine the region of c-Src that
binds B-arrestin 1, we assessed the ability of
glutathione S-transferase (GST) fusion pro-
teins containing either the c-Src SH2 or SH3
domain (Fig. 4C) to bind purified recombi-
nant histidine epitope (His®)—tagged B-arres-
tin 1 in vitro. Immunoprecipitates of HisS-
tagged B-arrestin 1 coprecipitated the GST—
Src SH3 domain or purified recombinant c-
Src, but not the GST—Src SH2 domain (Fig.
4D). The binding of recombinant c-Src to
His®-tagged B-arrestin 1 was inhibited in the
presence of excess GST—Src SH3 domain but
not GST-Src SH2 domain, suggesting that
the c-Src SH3 domain contributes to the bind-
ing of the two intact proteins.

SH3 domains mediate hydrophobic interac-
tions with proteins, most of which contain the
minimal consensus sequence Pro-X-X-Pro
(where X represents any amino acid) (21).
B-Arrestin 1 contains three clusters of proline
residues within its NH,-terminus that conform
to this motif (Fig. SA). A point mutation of
B-arrestin 1 created by site-directed mutagene-
sis of two proline residues within the NH,-
terminus, Pro®! — Gly and Pro'?! — Glu
(P91G-P121E p-arrestin 1), reduced c-Src
binding (Fig. 5B). In contrast, another NH,-
terminal point mutation of B- arrestin 1, Val®
— Asp (V53D B-arrestin 1), which inhibits
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B,AR sequestration (2), had no effect on the
interaction of B-arrestin 1 and c-Src.

These data indicate that c-Src interacts with
hydrophobic domains within the NH,-terminus
of B-arrestin 1. However, the formation of B-ar-
restin 1—-Src complexes is also modulated by
agonist-induced dephosphorylation of the
COOH-terminus of $- amestin 1. Cytosolic
B-arrestin 1 is predominantly phosphorylated
on a COOH-terminal serine residue, Ser*!?
(22). B,AR activation promotes the transloca-
tion of Ser*!2-phosphorylated B-arrestin 1 from
the cytosol to the receptor, where it is dephos-
phorylated. Mutants of B-arrestin 1 that mimic
the phosphorylated or dephosphorylated forms,

Fig. 3. Effect of B-arrestin 1 binding on
the specific activity of c-Src. (A) Clone 28
immunoblot of Tyr>3°-dephosphorylated
c-Src coprecipitated with wild-type Flag
epitope—tagged B-arrestin 1. (B) Specific
activity of B-arrestin 1-bound Src. HEK-
293 cells were transiently transfected
with Flag epitope-tagged B-arrestin 1
plus wild-type c-Src, Y530F c-Src, or v-
Src. In vitro Src kinase assays (20) were
done on parallel $-arrestin 1 and c-Src
immunoprecipitates. The amount of Src
present in each kinase reaction was de-
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Ser*'2 — Asp (S412D) and Ser*'? — Ala
(S412A) respectively, bind equivalently to ag-
onist- occupied receptor. S412D B-arrestin 1,
however, does not bind clathrin and thus acts as
a dominant negative inhibitor of receptor se-
questration. S412D B-arrestin 1 also causes a
loss of c-Src binding despite the presence of an
intact NH,-terminus, whereas S412A B-arrestin
1 and wild-type B-amestin 1 bind similar
amounts of c-Src (Fig. 5B).

Role of c-Src recruitment and receptor
sequestration in B, adrenergic receptor—
mediated Erkl and Erk2 activation. In
HEK-293 cells, stimulation of endogenous
B,AR results in an increase (by a factor of 4
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termined by protein immunoblotting. The quantity of Src present in [3-arrestin 1 immunoprecipi-
tates typically represented about 10% of the total cellular pool of the kinase. Specific activity was
calculated as the ratio of the amount of tyrosine-phosphorylated product formed to the amount
of kinase present in the reaction. Relative specific activity is defined as the ratio of Src specific
activity measured in B-arrestin 1 immunoprecipitates to that obtained in c-Src immunoprecipitates
from identically transfected cells, where the specific activity of c-Src is assigned a value of 1.0. Data
are means * SEM of three independent experiments.
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Fig. 4. Mapping of the interacting domains of c-Src and B-arrestin 1. (A) Schematic
representation of wild-type, NH,-terminal, and COOH-terminal truncation mutants of Flag
epitope-tagged B-arrestin 1 (393. (B) Mapping of the c-Src binding region of B-arrestin 1
using truncation mutants. Anti-Flag immunoprecipitates were prepared from COS-7 cells
transiently overexpressing wild-type c-Src and Flag epitope—tagged wild-type or mutant
[B-arrestin 1. Upper panel: Immunoblot of c-Src coprecipitated with Flag epitope-tagged
B-arrestin 1 (WT) and Flag epitope—tagged B-arrestin 1 truncation mutants. Lower panel:

Immunoblot of the previous filter depicting the immunoprecipitated wild-type and trunca-
tion mutants of B-arrestin 1. Control lanes representing anti-Flag immunoprecipitates from
cells overexpressing c-Src alone (Mock) are shown. (C) Schematic representation of wild-type
¢-Sre, ¢-Src SH2 domain, and ¢-Src SH3 domain GST fusion proteins. (D) In vitro association

of B-arrestin 1 with the c-Src SH3 domain GST fusion protein. Purified recombinant His®
epitope-tagged B-arrestin 1 (22) was combined in vitro with recombinant c-Src with or without GST-Src SH2 or GST-Src SH3 (9), as indicated. Immunoblots
depict c-Src (upper panel) and GST-Src SH3 fusion protein (lower panel) coprecipitated with His® epitope-tagged B-arrestin 1 (40).

to 5) in the phosphorylation of Erkl and
Erk2, which is maximal within 5 min of
stimulation. To determine whether the assem-
bly of Src—B-arrestin—receptor complexes or
B-arrestin—dependent receptor sequestration
is required for Ras-dependent signaling
through B,ARs, we tested whether B-arrestin
1 mutants selectively defective in either c-Src
binding or receptor sequestration would in-
hibit receptor-mediated activation of Erks.

B,AR immunoprecipitates from COS-7
cells expressing P91G-P121E B-arrestin 1 con-
tained less c-Src than those from cells express-
ing wild-type B-arrestin 1, even though they
contained equivalent amounts of the B-arrestins
(Fig. 5C). This indicates that P91G-P121E
B-arrestin 1 is less effective than wild-type B-
arrestin 1 in binding c-Src, but equivalent in
agonist-promoted binding to the receptor. Ex-
pression of P91G-P121E B-arrestin 1 did not
impair agonist-stimulated sequestration of the
B,AR, whereas the V53D and S412D B-arres-
tin 1 mutants acted as dominant negative inhib-
itors of sequestration (Fig. 5D) (2, 22).

If 3-arrestin-mediated recruitment of Src
is required for Ras-dependent signaling, then
overexpression of P91G-P121E B-arrestin 1,
which supports receptor sequestration but re-
cruits c-Src inefficiently, should produce
dominant negative inhibition of B,AR-medi-
ated activation of Erkl and Erk2. Similarly,
inhibition of B,AR-mediated Erk activation
by V53D B-arrestin 1, which binds c-Src but
inhibits receptor sequestration, would indi-
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cate a requirement for targeting of the recep-
tor—B-arrestin 1-c-Src complex to clathrin-
coated pits. Phosphorylation of Erks in re-
sponse to activation of endogenous B,ARs
was inhibited by 60 to 70% in HEK-293 cells
transiently expressing either P31G-P121E
B-arrestin 1 or V53D B-arrestin 1 (Fig. 6A).
In contrast, epidermal growth factor (EGF)—
mediated phosphorylation of Erks was not
affected. Similar results were obtained when
comparing the effects of S412A B-arrestin 1
and S412D B-arrestin 1. S412D B-arrestin 1,
which is impaired in its ability to bind ¢-Src
and to support receptor sequestration, inhib-
ited B,AR-mediated phosphorylation of Erks.

To determine whether B-arrestin function is
required for activation of Erks through other
GPCRs, we determined the effects of the B-ar-
restin 1 mutants on activation of Erks by tran-
siently expressed serotonin SHT1A and AT1A
receptors. Like 3,ARs, SHT1A receptors me-
diate pertussis toxin—sensitive activation of
Erks by a mechanism dependent on G protein
{37y subunits (23). AT1A receptors also activate
Erks through a Ras-dependent pathway that
requires Src (24); however, these receptors sig-
nal through pertussis toxin—insensitive G pro-
teins and intemalize in a B-arrestin-indepen-
dent manner (/5). Erk activation mediated by
SHT1A receptors, but not by angiotensin AT1A
receptors, was inhibited by expression of either
P91G-P121E B-arrestin 1 or V53D B-arrestin 1
(Fig. 6B). These data suggest that B-arrestin
1-dependent sequestration of GPCRs and re-
cruitment of c-Src play a role in the initiation of
Ras-dependent signals via a distinct subset of G
protein—coupled receptors.

G protein—coupled receptors as scaffolds
for the assembly of mitogenic signaling com-
plexes. Several cell surface receptors that lack
intrinsic tyrosine kinase activity, including an-
tigen receptors on T and B cells, as well as the
receptors for growth hormone, erythropoietin,
and several cytokines, stimulate tyrosine phos-
phorylation through association with Src family
kinases such as Src, Fyn, Yes, Lck, Hek, and
Lyn (25). Our data suggest that “desensitized”
B,ARs function in an analogous manner, serv-
ing as scaffolds for the Src-dependent activa-
tion of Ras signaling pathways (Fig. 7). Ago-
nist-dependent binding of {3-arrestins to the re-
ceptor induces the formation of a multiprotein
complex containing receptor, B-arrestin, and
¢-Src, which functions both to recruit activated
Src kinase to the plasma membrane and to
target the receptor-kinase complex to clathrin-
coated pits. Both kinase recruitment and target-
ing are apparently required for ,AR-mediated
activation of the Erk pathway, because impair-
ing either process inhibited the receptor-medi-
ated activation of Erks.

Ras-dependent activation of Erks by
B,ARs and LPA receptors in COS-7 (26) and
HEK-293 cells (/0) requires the release of By
subunits from G proteins. This may reflect the
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central role of By subunits in the regulation of
receptor endocytosis. <y subunits mediate ag-
onist-induced membrane translocation of GRKs
2 and 3 (27, 28), which phosphorylate receptors
and thereby increase their affinity for B-ar-
restins. In addition, By subunits bind to dy-
namin 1 and regulate its activity, and seques-
tration of B+y subunits directly inhibits clathrin-

120 12

A 85

4

mediated endocytosis (29).

Inhibition of clathrin-mediated endocyto-
sis by a dominant inhibitory mutant of dy-
namin blocks activation of Erks by EGF (30),
suggesting that RTK-mediated signaling to
Erks also involves endocytic trafficking. The
binding of B-arrestins to GPCRs uncouples
the receptor from its cognate G protein and
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Fig. 5. Characterization of B-arrestin 1 mutants with respect to c-Src binding and B,AR seques-
tration. (A) Schematic representation of wild-type and point mutations of Flag epitope-tagged
B-arrestin 1. Abbreviations for amino acid residues: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; L, Leu; N,
Asn; P, Pro; Q, Gin; R, Arg; and S, Ser. (B) Effect of point mutations in B-arrestin 1 on its ability to
coprecipitate c-Src. Upper panel: Anti-Flag immunoprecipitates were prepared from HEK-293 cells
transiently overexpressing wild-type c-Src with Flag epitope-tagged B-arrestin 1 (WT), P91G-
P121E B-arrestin 1, V53D B-arrestin 1, S412A B-arrestin 1, and S412D B-arrestin 1. Immunopre-
cipitated B-arrestins (lower immunoblot) and coprecipitated c-Src (upper immunoblot) are shown.
Lower panel: Coprecipitated c-Src was quantified relative to the amount of wild-type and mutant
B-arrestin 1 immunoprecipitated. Data are means = SD of four independent experiments. (C)
Formation of (3,AR-B-arrestin 1—c-Src complexes in COS-7 cells transiently overexpressing HA
epitope—tagged B,AR, wild-type or P91G-P121E B-arrestin 1, and wild-type c-5Src. Transfected cells
were incubated for 1 min in the absence () or presence (+) of isoproterenol before cross-linking
and immunoprecipitation of HA epitope-tagged B,ARs. Coprecipitated c-Src (upper immunoblot)
and B-arrestins (lower immunoblot) were detected by protein immunoblotting. (D) Agonist-
induced B,AR sequestration in HEK-293 cells. Receptor sequestration induced by 30 min exposure
to isoproterenol was determined by flow cytometry (47) performed on cells transiently overex-
pressing Flag epitope-tagged B, AR without (Mock) or with Flag epitope-tagged wild-type B-ar-
restin 1 or 3-arrestin 1 point mutations. Data are means * SD of three independent experiments.
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Fig. 6. Effect of P91G-P121E, V53D,
S412A, and S412D B-arrestin 1 mutants
on GPCR-mediated Erk 1 and Erk2 phos-
phorylation. (A) Control HEK-293 cells
and cells transiently expressing Flag

epitope-tagged P91G-P121E and V53D B-arrestin 1 (left pan-
el) or Flag epitope—tagged wild-type, S412A, or $412D B-ar-
restin 1 (right panel) were stimulated with isoproterenol (Iso)
or EGF (10 ng/ml) for 5 min. Basal (NS) and agonist-induced
Erk phosphorylation were determined as described (42). Im-
munoblots represent phospho-Erk from one representative
experiment. (B) HEK-293 cells transiently expressing SHT1A
receptor or ATTA receptor, with either Flag epitope—tagged

P91G-P121E B-arrestin 1 or Flag epitope-tagged V53D [-ar-
restin 1, were stimulated with either serotonin (SHT, 10 M) or angiotensin Il (Ang II, 400 nM) for 5 min,
and agonist-induced stimulation of Erk phosphorylation was determined. Data are expressed as relative
increase in Erk phosphorylation, with a value of 1 assigned to the basal amount of Erk 1 and Erk2
phosphorylation detected in unstimulated cells. Values shown are means = SEM for four separate
experiments, each performed in duplicate. *P < 0.05 compared to response of empty vector—

transfected control cells (analysis of variance).

Clathrin-
coated pit

Erk 1/2 Cascade (<~

Fig. 7. Model of B-arrestin—mediated recruitment and targeting of c-Src. Agonist binding to (3,ARs
results in dissociation of heterotrimeric G proteins into Ga-GTP and GB+vy subunits, which activate G
protein effectors such as adenylyl cyclases (AC). One consequence of GB+y subunit release is enhanced
GRK-mediated phosphorylation of the agonist-occupied receptor. B-Arrestin 1 {Barr} binds to both
GRK-phosphorylated receptor and c-Src, resulting in recruitment of the Src kinase to the membrane.
Subsequent interaction of -arrestin 1 with clathrin targets the receptor—3-arrestin—Src complex to
clathrin-coated pits. Both B-arrestin-mediated Src kinase recruitment and receptor targeting to
clathrin-coated pits are required for 3,AR-mediated activation of the Erk pathway.

mediates its translocation to the clathrin-coat-
ed pit (2, 3). Our data indicate that B-arrestins
also function as adapter proteins that link
GPCRs to tyrosine kinase—dependent growth
regulatory pathways. Association of Src with
the NH,-terminus of -arrestin 1 provides the
structural basis for agonist-dependent recruit-
ment of the tyrosine kinase to the receptor.
Thus, B-arrestin binding and receptor inter-
nalization, processes that terminate G protein
activation, apparently also represent critical
events for the initiation of mitogenic signals
from the GPCR.
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“Dip-Pen” Nanolithography

Richard D. Piner, Jin Zhu, Feng Xu, Seunghun Hong,
Chad A. Mirkin*

A direct-write "dip-pen” nanolithography (DPN) has been developed to deliver
collections of molecules in a positive printing mode. An atomic force micro-
scope (AFM) tip is used to write alkanethiols with 30-nanometer linewidth
resolution on a gold thin film in a manner analogous to that of a dip pen.
Molecules are delivered from the AFM tip to a solid substrate of interest via
capillary transport, making DPN a potentially useful tool for creating and

functionalizing nanoscale devices.

Lithographic methods are at the heart of mod-
ern-day microfabrication, nanotechnology, and
molecular electronics. These methods often rely
on patterning of a resistive film, followed by a
chemical etch of the substrate. Dip-pen technol-
ogy, in which ink on a sharp object is transport-
ed to a paper substrate via capillary forces, is
approximately 4000 years old (7) and has been
used extensively throughout history to transport
molecules on macroscale dimensions. Here we
report experiments that merge these two related
but, with regard to scale and transport mecha-
nism, disparate concepts to develop a new type
of dip-pen nanolithography (DPN). DPN uses
an atomic force microscope (AFM) tip as a
“nib,” a solid-state substrate (in this case, Au)
as “paper,” and molecules with a chemical af-
finity for the solid-state substrate as “ink.” Cap-
illary transport of molecules from the AFM tip
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to the solid substrate is used in DPN to
directly “write” patterns consisting of a
relatively small collection of molecules in
submicrometer dimensions.

DPN is not the only lithographic method
that allows one to directly transport molecules
to substrates of interest in a positive printing
mode. For example, microcontact printing,

Fig. 1. Schematic rep-
resentation of DPN. A
water meniscus forms
between the AFM tip
coated with ODT and
the Au substrate. The
size of the meniscus,
which is controlled by
relative humidity, af-
fects the ODT trans-
port rate, the effec-
tive tip-substrate con-
tact area, and DPN
resolution.

Molecular transport

SSSSSSBSB88888506480

which uses an elastomer stamp, can deposit
patterns of thiol-functionalized molecules di-
rectly onto Au substrates (2—6). This method is
a parallel technique, allowing one to deposit an
entire pattern or series of patterns on a substrate
of interest in one step (2—/9), which is an
advantage over a serial technique such as DPN
unless one is trying to selectively place different
types of molecules at specific sites within a
particular type of nanostructure. In this regard,
DPN complements microcontact printing and
many other existing methods of micro- and
nanofabrication (2-/9). Finally, there are a va-
riety of negative printing techniques that rely on
scanning probe instruments, electron beams, or
molecular beams to pattern substrates, using
self-assembled monolayers (SAMs) and other
organic materials as resist layers (7—19), that is,
to remove material for subsequent processing
or adsorption steps. However, DPN can deliver
relatively small amounts of a molecular sub-
stance to a substrate in a nanolithographic fash-
ion that does not rely on a resist, a stamp,
complicated processing methods, or sophisti-

AFM Tip

Writing direction

—

Water meniscus

Au substrate
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