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ABSTRACT

Specialized endocytic sorting of the

beta 2-adrenergic receptor

Tracy T. Cao

The endocytic sorting of signaling receptors, such as the beta 2-adrenergic receptor

(B2AR), a model G protein-coupled receptor, plays an important role in controlling

receptor-mediated signaling events. Rapid endocytosis desensitizes activated receptors to

further agonist activation, and the sorting of internalized receptors towards a recycling or

degradative pathway results in receptor resensitization or receptor downregulation,

respectively. Characterization of the mechanisms involved in the endocytic sorting of

B2ARs and the membrane pathway which these receptors utilize has not been extensively

studied. Using HEK293 cells stably expressing epitope-tagged B2ARs as a model cell

system, I have utilized a variety of cell biological and biochemical techniques to study

the endocytic sorting of these receptors.

The initial endocytosis of the B2AR and epidermal growth factor receptor are mediated

by a functionally and biochemically distinct subset of clathrin-coated pits on the plasma

membrane, as determined using an immunocytochemical assay. Thus, the clathrin-coated

pits on the plasma membrane are not entirely uniform, but can be quite heterogeneous.
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Following endocytosis, a novel sorting mechanism involving a regulated PDZ-mediated

protein interaction promotes efficient recycling of B2ARs and this mechanism can be

adopted by other GPCRs through the addition of the appropriate sorting signal. In

addition, oligomerization of B2ARs can influence the endocytic membrane pathway

taken by these receptors.

A subset of SNARE proteins are found on the endosomal membranes containing

internalized B2ARs. Overexpression of specific SNARE proteins results in degradation

of internalized B2ARs without affecting the sorting of transferrin receptors to the plasma

membrane or epidermal growth factor receptors to the lysosomes, suggesting that the

sorting pathway utilized by B2ARs is specifically influenced by a subset of SNARE

tº
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CHAPTER 1

INTRODUCTION

Endocytic trafficking of signaling receptors



SUMMARY

Many extracellular factors and nutrients enter the cell by receptor-mediated endocytosis

via clathrin-coated pits (1-3). This process delivers the cargo of uncoated vesicles to the

endosomal system where receptor-ligand complexes are dissociated and cargo proteins

are sorted to their appropriate destinations (2-4). However, a variety of membrane

proteins seem to utilize the same membrane trafficking pathway even though their

endocytic sorting serves diverse cellular functions. Both signaling receptors (whose

endocytosis is highly ligand-regulated) (5-8) and nutritive receptors (whose endocytosis

is constitutive) (9-11) are internalized by clathrin-coated pits. Furthermore, recycling of

internalized signaling and nutritive receptors back to the plasma membrane appears to

occur through the same endocytic pathway (12,13). Given that the endocytic trafficking

of these diverse classes of receptor mediates different functional roles, might there be

features which are specialized and distinct for signaling receptors which differ from those

for nutritive receptors?

Endocytic sorting of signaling receptors, such as receptor tyrosine kinases and G protein

coupled receptors (GPCR), plays an important role in modulating their functional

properties. The initial endocytosis of activated receptors desensitizes the receptors to

further ligand stimulation, and sorting of internalized receptors towards a recycling or

degradative membrane pathway either resensitizes or downregulates the receptor,

respectively (5,14,15). Furthermore, internalized receptors can also initiate distinct

signaling cascades from the endosomes (16-18). Thus, endocytic trafficking of signaling
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receptors greatly influences their physiological responsiveness and signaling properties.

However, the mechanism and membrane pathway employed by signaling receptors to

control their endocytic trafficking and thereby control their action remains unclear. This

thesis examines this question by studying the endocytic sorting of the beta 2-adrenergic

receptor (B2AR), a GPCR whose membrane trafficking plays an important role in

regulating receptor signal transduction. While the endocytosis of the B2AR can be

mediated by clathrin-coated pits (7) as well as by caveoli (19), I am studying B2ARs

expressed in HEK293 cells, where B2AR endocytosis is mediated primarily by clathrin

coated pits.

SECTION I: ENDOCYTOSIS BY CLATHRIN-COATED PITS

Clathrin-coated pits on the plasma membrane are comprised of 2 major proteins, clathrin

and the adaptor protein AP2. These proteins form the structural framework, which

recruits and concentrates receptors and shapes the budding vesicle before its subsequent

fission to form a clathrin-coated vesicle (2,3,20,21). The clathrin lattice, situated on the

cytoplasmic surface of the plasma membrane, is formed by the ordered assembly of

clathrin triskelions. The triskelion is made up of three clathrin heavy chains, each bound

to either of two light chains, LCa and LCb (22-26). The other component of the clathrin

coat is the AP2 complex. AP2 couples transmembrane receptors to the clathrin coat

through its interaction with both endocytosis signals on the cytoplasmic domain of certain

membrane receptors and the clathrin heavy chain (27-30). This interaction efficiently

packages cell surface receptors within coated pits for endocytosis.

-***



The fission of clathrin-coated pits occurs through the action of the GTPase, dynamin.

Although originally proposed to act as a pinchase to physically sever the invaginated

necks of clathrin-coated pits (31,32), a recent study has implicated a regulatory, rather

than a mechanical role for this protein (33). Regardless of the exact nature of its action,

dynamin function is necessary for clathrin-mediated endocytosis. In cells expressing

dominant-negative dynamin, which does not bind guanine nucleotides with high affinity,

both constitutive and regulated endocytosis are significantly inhibited (13,34-36).

Electron microscopic and biochemical analyses indicate that the clathrin-coated pits are

arrested at a stage prior to constriction (34,36,37).

Constitutive Endocytosis

The constitutive endocytosis of nutritive receptors, including the transferrin and low

density lipoprotein receptors (TfnP and LDLR) delivers essential nutrients required for

the proper maintenance of cell function (9-11). Nutritive receptors are endocytosed

whether or not receptors are bound to their appropriate ligands. Tyrosine-based

endocytosis signals present on the cytoplasmic domain of these receptors interact with the

pi subunit of the AP2 complex, recruiting receptors to coated pits (28,38). It is largely

believed that the chance encounters with coated pits through random receptor

movements, rather than the active recruitment of clathrin coats, results in the

concentration of nutritive receptors in clathrin-coated pits (39).



Regulated Endocytosis

Unlike the endocytosis of nutritive receptors, internalization of signaling receptors is

typically regulated. In the absence of the appropriate ligand, signaling receptors remain

on the plasma membrane and are excluded from coated pits. Upon ligand binding,

activated receptors initiate signaling cascades, and receptors are recruited into clathrin

coated pits for rapid endocytosis (5-8). The physical removal of activated signaling

receptors from the cell surface is physiologically important in desensitizing receptor

signal transduction. Attenuating the ligand-induced response by receptor endocytosis is

utilized by a variety of signaling receptors, including receptor tyrosine kinases, G protein

coupled receptors, and ligand-gated ion channels (5,14,15,40,41), indicating that this is a

general mechanism used to control receptor signal transduction.

While the endocytosis of signaling and nutritive receptors appears at first glance to be

similar, there is growing evidence that many features of regulated endocytosis are quite

different from constitutive endocytosis. Sorting signals on the cytoplasmic tail of

signaling receptors are important in recruiting them to clathrin-coated pits. A tyrosine

based motif in the epidermal growth factor receptor (EGFR) cytoplasmic domain has

been shown to interact with the AP2 complex by coimmunoprecipitation (5,27). While

the endocytosis signal for a number of signaling receptors has yet to be determined, there

is increasing evidence that additional factors are involved in the internalization of these

receptors. In the case of the EGFR, injection of a peptide corresponding to the GRB2

SH2 domain inhibits EGFR endocytosis, implicating a role for this signaling adaptor



protein in receptor internalization (42). Additionally, EGF stimulation causes a

redistribution of clathrin to the plasma membrane, observed both biochemically and by

immunofluorescence microscopy. Biochemical studies revealed that ligand stimulation

results in pp.60 *-mediated phosphorylation of the clathrin heavy chain, which may

promote the assembly of clathrin onto the membrane (43). Thus, activation of the EGFR

may specifically regulate its endocytosis by recruiting proteins involved in promoting

their endocytosis.

Studies on the endocytosis of GPCRs have provided additional insight into regulated

endocytosis. Upon agonist stimulation, the B2AR is phosphorylated at its cytoplasmic

tail and binds the accessory protein [-arrestin (14,15). 3-arrestin desensitizes activated

receptors through two mechanisms. First, binding of [-arrestin uncouples the receptor

from its G protein, thereby ceasing further stimulation of the G protein (14,15). Second,

3-arrestin promotes the recruitment of activated B2ARs into clathrin-coated pits by its

ability to bind to clathrin and AP2 (8,44). Therefore, GPCRs have developed a

specialized mechanism to ensure efficient and rapid endocytosis.

Chapter two and three describe an additional feature that distinguishes the endocytosis of

EGFRs and B2ARs from that of the constitutive endocytosis of TfnRs. B2ARs and

EGFRs are enriched in a functionally distinct subset of clathrin-coated pits on the plasma

membrane, suggesting that these receptors may regulate the clathrin-coated pits in which

they occupy.



SECTION II: SORTING WITHIN THE ENDOSOMAL SYSTEM

Following endocytosis, clathrin-coated vesicles shed their coat through the action of the

uncoating ATPase hsc70 and auxilin. This uncoating reaction results in the formation of

primary endocytic vesicles that subsequently fuse with the endosomal system.

Endosomes are highly dynamic tubulo-vesicular membrane compartments where the

majority of protein sorting occurs. The acidic pH of the endosomes dissociates bound

ligands from their receptors and each are then properly sorted to their appropriate cellular

destination (4).

Extensive studies suggest that the endocytic sorting of membrane receptors from lumenal

proteins is primarily due to geometric factors. The greater surface area to volume in the

tubular extensions of the endosome concentrates membrane receptors, while the greater

volume to surface area of the endosomal lumen accumulates soluble factors. The scission

of the tubular extensions results in membrane protein enriched vesicles, which then

recycle to and fuse with the plasma membrane (45,46). The maturation or fusion of the

endosomal lumen with late endosomes delivers the contents of the endosome to the

lysosomes for degradation (4,47).

Recycling to the Plasma Membrane

A number of membrane receptors are returned to the plasma membrane following their

endocytosis. After delivering their ligands to the cell, nutritive receptors are recycled

back to the plasma membrane to undergo another round of endocytosis and nutrient

-**



delivery (9,48). In cells expressing a truncated form of the TfnF, in which the

transmembrane domain is retained but the cytoplasmic domain is deleted, rapid recycling

of the mutant receptor was observed. This result suggested that recycling of integral

membrane proteins to the plasma membrane does not require any specific cytoplasmic

signal (49-51). Furthermore, fluorescently labeled phospholipids recycle rapidly to the

plasma membrane with the same kinetics as the TfnR (45). Taken together, these results

have lead to the widely accepted proposal that the pathway leading from the endosome to

the cell surface occurs by default (52). **** -

However, evidence for signal-dependent sorting of membrane proteins in the endocytic C.
pathway has been presented. Recycling of internalized TfnRs to the dendrites of neurons º

is dependent upon a recycling signal present at its cytoplasmic domain (53). Moreover,

extensive studies of membrane protein targeting in polarized MDCK cells have i

demonstrated that receptor recycling is dependent upon sorting signals (4,54). For •=

example, disruption of the basolateral sorting signal in the LDLR results in the inefficient ---

recycling of internalized receptors back to the basolateral surface and an increase in

receptor transcytosis to the apical surface (55,56). Thus, at least in polarized cell types,

appropriate receptor recycling is dependent upon specific signals present within the

cytoplasmic tails of receptors.

Chapter four presents a novel sorting mechanism involved in recycling internalized

B2ARs. This sorting operation specifically mediates the recycling of B2ARs and does



not appear to affect the recycling of TfnRs, revealing another difference between the

endocytic sorting of nutritive and signaling receptors. Furthermore, chapter five suggests

that this sorting mechanism can be adopted by other GPCRs through the addition of the

appropriate sorting signal onto the receptor cytoplasmic domain.

Targeting to the Lysosomes for Degradation

The soluble factors released within the endosomal lumen and some membrane proteins

are sorted to the lysosome for degradation. Lumenal contents of the endosome are

eventually delivered to the lysosome through either maturation of the endosome into a

lysosome or by fusion of the endosome with the lysosome (47). The trafficking of

membrane receptors to the lysosome is signal-dependent. For example, tyrosine-based

sorting signals in the cytoplasmic domain of lamps-1 and 2 are important for targeting

these receptors to the lysosomes (57,58).

More specialized targeting mechanisms are involved in trafficking internalized EGFRs to

the lysosome. Mutational studies have implicated an important role for the tyrosine

kinase activity of the EGFR in properly targeting this receptor for lysosomal degradation

(59-61). Additionally, a yeast 2-hybrid screen with the EGFR tyrosine kinase domain

identified sorting nexin-1 as a protein involved in targeting the receptor to the lysosome

for degradation (62). Thus, tyrosine kinase activity and the tyrosine kinase domain are

both important in the lysosomal trafficking of EGFRs.



The involvement of accessory proteins to facilitate the targeting of receptors to the

lysosome has also been described for another membrane receptor, CD-4. Interaction of

CD-4 with the HIV Nef protein downregulates the cell surface expression of these

receptors through two mechanisms. First, interaction with Nef increases CD-4

internalization by recruiting clathrin-coated pits through its interaction with the AP-2

complex (63). Second, Nef acts as an adaptor between CD4 and the coatomer subunit 3

COP on endosomes which are involved in directing its sorting to the lysosome (64). The

participation of accessory proteins in targeting receptors to the lysosome provides a

mechanism by which the routing of receptors can be specifically regulated within the

common endosomal system.

Effects of oligomerization on endocytic sorting

An additional mechanism that influences endocytic sorting of membrane proteins is

receptor oligomerization. Sorting of internalized ErbB receptors can be controlled by

heterodimerization between different ErbB isoforms. ErbB-1 homodimers are sorted to

the lysosome for degradation, whereas heterodimerization between ErbB-1 and ErbB-2 or

ErbB-3 redirects this dimer towards a recycling pathway (65).

The effect of oligomerization on endocytic trafficking of GPCRs has also been described.

Monomerization of delta opioid receptor dimers is believed to be an essential step in

internalizing agonist-activated receptors (66). Recently, heterodimerization between

different subtypes of opioid receptors, the kappa and delta opioid receptors, has been

**-ºs---
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shown to inhibit the extent of agonist-induced endocytosis of the delta, but not the kappa

subtype (67). Chapter six describes the ability of mutant B2ARs, which are sorted to the

lysosomes, to divert wildtype B2ARs towards a degradative pathway when both forms of

the receptor are coexpressed in the same cell. Therefore, the balance between recycling

and degradative pathways can be influenced by the physical interaction of receptors with

each other, which may be especially important for regulating the function of signaling

receptors. ºs---

SECTION III: SNARE PROTEINS AND ENDOCYTIC TRAFFICKING *:T.

SNARE (soluble N-ethylmaleimide-sensitive attachment protein receptor) proteins are a C:
º, ºr

growing family of proteins implicated in regulating membrane fusion events. Originally E.
identified as synaptic vesicle proteins involved in coordinating the Caº'-triggered release **:

of synaptic vesicles, SNARE proteins have now been identified in a variety of different *-*.

membranes and cell types. The SNARE hypothesis postulates that SNARE proteins on º
the vesicle (v-SNAREs) interact with their cognate SNARE proteins on the target vesicle º

º

(t-SNARE). This pairing recruits the binding of cytosolic SNAPs (soluble NSF

attachment proteins) and NSF (N-ethylmaleimide-sensitive factor), and ATP hydrolysis

by NSF allows the two adjacent vesicles to fuse (68-70).

The function of SNARE proteins in the trafficking of synaptic vesicles and vesicles of the

secretory pathway has been extensively studied. However, the role of SNAREs in

endocytic trafficking has not been characterized to the same extent. Studies of homotypic

| 1



endosome fusion have implicated a role for SNAREs in this event, since treatment with

N-ethylmaleimide (to inhibit NSF function) inhibited endosome fusion in vitro (71).

Furthermore, the growing number of SNARE proteins found on endocytic membranes

suggests that these proteins are an important regulatory and mechanical component in

mediating membrane fusion. The v-SNAREs cellubrevin (VAMP3), VAMP7, and

endobrevin (VAMP8) and the t-SNAREs syntaxin 13 and syntaxin 7 have been localized

on endosomal membranes (72-77). However, although these SNAREs are present on

endosomal membranes, functional evidence for their involvement in mediating

membrane fusion has not been extensively characterized.

Cellubrevin, a ubiquitously expressed member of the synaptobrevin family of v

SNAREs, has been shown to function in recycling endocytic membranes to the plasma

membrane. Cleavage of cellubrevin by tetanus toxin inhibited the recycling of

internalized transferrin, implicating a role for this protein and its cognate binding partner

in regulating trafficking back to the plasma membrane (78). However, tetanus toxin

treatment of cellubrevin did not affect endosome fusion, suggesting that this SNARE

protein may function specifically for endocytic transport to the plasma membrane (79).

In polarized MDCK cells, TGN to apical transport and apical recycling is inhibited in

cells overexpressing syntaxin 3, but not in cells overexpressing syntaxin 2 or syntaxin 4,

suggesting a specialized role for this SNARE protein in specifically regulating apical

transport (80). In addition, VAMP2 and syntaxin 4 are involved in translocating GLUT-4



vesicles to the plasma membrane in response to insulin (81-83). Thus, the regulation and

specificity of several endocytic membrane trafficking events appear to be mediated by

distinct SNARE proteins.

My studies on the intracellular trafficking of the B2AR have identified the involvement

of SNARE proteins in influencing the membrane pathway of internalized receptors.

Chapter seven presents data on the effect of overexpressing certain SNARE proteins on

the sorting of internalized B2ARs. Overexpression of cellubrevin along with syntaxin 3 **** -->

resulted in the increased degradation of B2ARs without affecting the trafficking of TfnRs *::::

to the plasma membrane or EGFRs to the lysosome. *a*- :

SECTION IV: FUNCTIONAL CONSEQUENCE OF ENDOCYTIC SORTING ºria

ON RECEPTOR SIGNAL TRANSDUCTION *-*.
The endocytic trafficking of signaling receptors plays an important role in modulating **

their function. Following ligand binding, activated receptors initiate signaling cascades *º-

and the rapid endocytosis of these receptors is important in their desensitization (18,84).

For example, the endocytosis of many activated receptor tyrosine kinases targets

receptors to lysosomes where they are downregulated, attenuating their signaling

properties (5). Activated GPCRs are initially desensitized by phosphorylation and

association with 3-arrestin. Receptor-mediated signaling is further desensitized by

removing activated receptors from the cell surface through endocytosis (14,15).

13



The endocytosis of signaling receptors is also important in resensitizing the receptors

before they are recycled back to the cell surface. Upon ligand binding, insulin receptors

undergo an inhibitory tyrosine phosphorylation before being internalized. Removal of

this inhibitory phosphorylation is believed to occur within the endosome through the

action of an associated phosphatase, thereby reactivating receptors before they are

recycled back to the plasma membrane (18). This resensitization of receptors within the

endosome is also utilized by GPCRs. Desensitized GPCRs are dephosphorylated, and

hence resensitized, by an endosome associated protein phosphatase type 2A before being

returned to the cell surface (85).

There have been a number of studies suggesting that during transit of receptors through

the endosomes, receptors are capable of signaling to intracellular substrates. TrkA, a

receptor tyrosine kinase, can activate distinct signaling cascades from an endosomal

compartment, which is important in conveying signals from the axon terminal to the cell

body (16,17). Thus, the ability to signal from the endosome may be an important

mechanism in initiating signaling pathways that may not be accessible from the cell

surface.

Activation of both receptor tyrosine kinases and GPCRs results in the activation of

MAPK (mitogen activated protein kinase). However, in cells overexpressing a dominant

negative form of dynamin, which inhibits receptor endocytosis, receptor tyrosine kinase

and GPCR-mediated activation of MAPK are inhibited (86,87). Although this effect is



not seen with all GPCRs, it has been shown to be the case for the B2AR. While

expression of dominant negative dynamin inhibited MAPK activation, the activation of

earlier components along the pathway, such as Shc, was not inhibited (86,87). This result

suggests that receptor initiation of the signaling cascade is not blocked, but activation of

components later in the pathway requires receptor endocytosis, implying that additional

signaling occurs within the endosome. In support of this observation, blocking the

endocytosis of the B2AR or the EGFR by incubation of cells at 16°C, also inhibits *
Tºº

receptor-mediated MAPK activation (chapter three), suggesting a specialized role for *** -->
"ºº--> *

subsets of clathrin-coated pits in mediating mitogenic signal transduction. *:::
*** -
*...*

* ---, º

- - - - - - - - - ****
The endocytic sorting of signaling receptors is important in regulating receptor function. **s

- - - - - - ****
As mentioned, downregulation of receptor tyrosine kinases terminates receptor-mediated -

º

signaling. Controlling the intracellular sorting between recycling and degradative - *-
e

pathways can also control receptor-mediated signaling events. ErbB-1 homodimers are º
`----.
** =

-degraded upon ligand stimulation, but heterodimers between ErbB-1 and ErbB-2 or

ErbB-3 can divert this receptor towards a recycling pathway. As a consequence of ErbB

1 recycling to the plasma membrane instead of being degraded in the lysosomes, its

signaling properties are enhanced (65).

Endocytic sorting is also involved in controlling the physiological function of GPCRs.

While recycling to the plasma membrane promotes receptor resensitization, targeting to

the lysosome results in downregulation of receptor signaling (14,15). In chapter four, I



propose that this endocytic sorting decision is controlled by a specialized mechanism

involving a kinase-regulated interaction between the receptor and EBP50 (ezrin-radixin

moesin binding phosphoprotein 50) family proteins. Thus, the ability to control their

endocytic sorting provides a mechanism by which signaling receptors can modulate their

responsiveness.
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p-2Adrenergic receptors (B2ARs) are endocytosed by
clathrin-coated pits. This process serves specialized
functions in signal transduction and receptor regula
tion, raising the question of whether B2ARs are associ
ated with biochemically specialized membrane vesicles
during their endocytic trafficking. Here we show that
B2ARs are endocytosed by a distinct subpopulation of
clathrin-coated pits, which represent a limited subset of
coated pits present in the plasma membrane, even in
cells overexpressing both B2ARs and 8-arrestin. Coated
pits mediating agonist-induced endocytosis of B2ARs
differ from other coated pits mediating constitutive en
docytosis of transferrin receptors in their temperature
dependence for fission from the plasma membrane and
in the association of their membrane coats with B-arres
tin. Endocytosis of these coated pits generates endocytic
vesicles selectively enriched in B2ARs, which fuse
within -10 min after their formation with a common
population of endosomes containing both B2ARs and
transferrin receptors. These observations demonstrate,
for the first time, the existence of a functionally and
biochemically distinct subpopulation of clathrin-coated
pits that mediate the agonist-regulated endocytosis of
G-protein-coupled receptors, and they suggest a new
model for the formation of compositionally specialized
membrane vesicles at the earliest stage of the endocytic
pathway.

Many G protein-coupled receptors (GPCRs),' such as the B-2
adrenergic receptor B2AR), are endocytosed by clathrin-coated
pits and follow an endocytic pathway similar to constitutively
endocytosed nutrient receptors (such as the transferrin recep
tor (Tfn R), 1–3). Clathrin-mediated endocytosis delivers both
classes of receptor to endosomes, where ligand-receptor disso
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'The abbreviations used are: GPCR. G-protein-coupled receptor:
B2A.R. 3-2 adrenergic receptor: T■ nR, transferrin receptor, MAPK, mi
togen-activated protein kinase, PBS. phosphate-buffered saline, GFP.
green fluorescent protein, TBS, Tris-buffered saline.

ciation and protein sorting occur (4). However, in addition to
these conserved functions of the early endocytic pathway,
clathrin-mediated endocytosis serves specialized functions in
GPCR regulation and signal transduction. Endocytosis of cer
tain GPCRs, such as the B2AR, promotes dephosphorylation
and functional resensitization of receptors following agonist
induced desensitization (5, 6). Additionally, clathrin-mediated
endocytosis also plays an important role in promoting receptor
dependent activation of mitogen-activated protein kinase
(MAPK cascades (7).

Endocytosis by clathrin-coated pits serves specialized func
tions for other types of membrane proteins, such as synaptic
vesicle membrane proteins and certain membrane transport
ers. In these cases, the specialized functions of the endocytic
pathway are mediated by the formation of distinct endomem
brane vesicles (e.g. synaptic vesicles and Glutá-containing ves
icles), which diverge from a common early endosomal interme
diate and contain a compositionally refined subset of
membrane proteins 18–11). Accordingly, these considerations
raise the question of whether the endocytic trafficking of
GPCRs may also involve specialized membranes. However, in
contrast to synaptic vesicle membrane proteins, which are
sorted after endocytosis to vesicles distinct from those contain
ing Tfn Rs, B2ARs and T■ nRs colocalize extensively in recycling
endosomes ( 12. Thus, if specialized endocytic membranes con
taining GPCRs exist, at what point in the endocytic pathway
are these vesicles generated, and how is the intracellular traf
ficking of these vesicles related to the conserved recycling
pathway?

We have addressed these questions by performing a detailed
comparison of the endocytic membrane trafficking of B2ARs
and T■ nRs in the same cells. Our studies indicate that whereas
internalized B2ARs and Tfn Rs are extensively colocalized in
recycling endosomes, B2ARs differ significantly from T■ nRs at
earlier stages of endocytic membrane trafficking. These studies
establish, for the first time, that functionally distinguishable
subpopulations of clathrin-coated pits exist in the plasma mem
brane of nonpolarized cells.

hexPERIMENTAL PROCEiol RES

cDNA Constructs and Mutagenesis
Several epitope-tagged versions of the cloned human B-2 adrenergic

receptor B2AR 131 were used in these studies; mutant receptors
containing an HA or FLAG epitope in the amino-terminal extracellular
domain (HAB2AR or SFB2A.R. respectively were described previously
and demonstrated to be functional 12, 14. A mutant receptor contain
ing a Fl.AG epitope in the amino-terminal extracellular domain and an
EE epitope in the carboxyl-terminal cytoplasmic domain SFB2F.F. was
constructed by appending a sequence encoding the EE epitope EE
EEYMPME) followed by a stop codon immediately at the 3’-end of the
cDNA coding sequence of the SFB2AR. This was accomplished by oil
gonucleotide-directed mutagenesis using the polymerase chain reaction
Vent polymerase, New England Biolabs). Receptor cDNAs were cloned
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into pcDNA3 (Invitrogen) and verified by dideoxynucleotide sequencing
(Sequenase, U. S. Biochemical Corp.). The SFB2EE receptor, like the
HAB2AR and SFB2AR described previously (12, 14), mediated agonist
dependent activation of adenylyl cyclase when expressed in transfected
293 cells to a similar extent as the wild type B2AR (data not shown),
indicating that epitope tagging in this manner did not disturb the
functionality of the receptor protein.

Cell Culture and Transfection
Human embryonal kidney 293 cells (ATCC) were grown in Dulbecco's

modified Eagle's medium supplemented with 10% fetal bovine serum
(University of California San Francisco Cell Culture Facility). Stably
transfected cells expressing epitope tagged B2ARs were generated by
transfecting 293 cells in 6-cm dishes with --5 ug of plasmid DNA by
calcium phosphate precipitation, and cell clones expressing transfected
receptors were selected in 200 ug/ml Geneticin (Life Technologies, Inc.).
Cell clones expressing comparable amounts of receptor protein (500–
1000 ■ mol/mg) were selected for further study.

Hela cell lines expressing wild type or dominant negative mutant
(K44A) dynamin I under the regulatable tetracycline promoter (kindly
provided by Dr. S. Schmid) were grown as described (15), Briefly, cells
were cultured in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum, 400 ug/ml Geneticin, 1 × Pen/Strep. 200
ng/ml puromycin, and 1 ug/ml tetracycline. Receptors were expressed in
these cells by transient transfection. Cells grown in 6-cm dishes were
transfected with ~5 ug of plasmid DNA by calcium phosphate precip
itation. Dynamin expression was induced 24 h after transfection by
removing tetracycline from the medium, and studies of receptor traf
ficking in these cells were conducted 48 h later.

Examination of Receptor Endocytosis by
Fluorescence Microscopy

Stably transfected 293 cells expressing SFB2ARs or HeLa cells in
duced to express wild type or K44A dynamin and transiently trans
■ ected with SFB2ARs were grown on glass coverslips (Corning) and
serum-starved at 37 or 16 °C for 30 min in Dulbecco's modified Eagle's
medium supplemented with 30 mM HEPES. pH 7.4. Cells were incu
bated with 50 ng/ml of Texas Red-conjugated transferrin (Molecular
Probes) and Ml anti-FLAG antibody (3 ug/ml, Kodak Scientific Imaging
Systems) at 4 °C for 30 minto label Tfnks and B2ARs, respectively, and
then cells were warmed to 16 or 37 °C for 30 min in the presence of 10
*M isoproterenol (Research Biochemicals). Following this incubation,
cells were fixed with 3.7% formaldehyde in PBS, pH 7.4, for 10 min and
then quenched with three washes of TBS + 1 mM CaCl2. Specimens
were permeabilized with 0.1% Triton X-100 (Sigma) in Blotto (3% dry
milk in TBS + 1 mM CaCl2) and incubated with fluorescein isothiocya
nate-conjugated donkey anti-mouse secondary antibody (1:500 dilution;
Jackson ImmunoResearch) for 30 min to detect FLAG-tagged receptors.
Conventional fluorescence microscopy was performed using a Nikon
60X NA1.4 objective and epifluorescence optics; confocal fluorescence
microscopy was carried out using a Bio-Rad MRC 1000 and a Zeiss 100X
NA1.3 objective.

For time lapse studies, stably transfected cells expressing SFB2ARs
were plated on coverslips and incubated at 4 °C in the presence of M1
anti-FLAG antibody (3 ug/ml) directly conjugated with fluorescein iso
thiocyanate (Molecular Probes) using standard methods (16) and Texas
Red-conjugated transferrin (50 ng/ml) for 30 min to label B2ARs and
T■ nRs, respectively, present in the plasma membrane. Isoproterenol
was included in this incubation at a saturating concentration (10 unt) to
activate B2ARs, and then cells were rapidly warmed by placing the
coverslip directly on a 37 °C heat block for 2 min to initiate a pulse of
receptor endocytosis. Cells were washed three times for 5 min with
ice-cold PBS supplemented with 5 mM EDTA to strip antibody bound to
receptors remaining in the plasma membrane and thereby selectively
label endocytosed receptors. Then, the coverslips were quickly trans
ferred onto glass slides prewarmed to 37 °C and transferred to an
inverted microscope equipped with a Nikon 60x NA1.4 objective, mer
cury arc lamp illumination, and standard fluorescein isothiocyanate
and Texas Red dichroic filter sets (Chroma). Images of receptor move.
ment in warmed cells were collected in time-lapse mode at the lowest
practical illumination intensity using a 12-bit cooled charge-coupled
device camera (Princeton Instruments) interfaced to a Macintosh
computer.

For colocalization of receptors with 3-arrestin, a GFP-tagged version
of arrestin-3 (3-arrestin-2), which has been shown previously to be
functional and associate with clathrin-coated pits (17), was expressed in
HAB2AR cells by transient transfection and studied 48–72 h after

transfection. Cells were incubated in the presence of 10 mm isoprotere
nol at 37 °C for 30 min to drive endocytosis and recycling of the B2AR
to steady state (12), and then cells were chilled on ice to stop membrane
trafficking. B2ARs or T■ nRs present in the plasma membrane were
specifically labeled in nonpermeabilized cells using anti-HA monoclonal
antibody (3 ug/ml. Babco) or B3/25 monoclonal antibody ( 1 ag■ ml.
Boehringer Mannheim), respectively. Arrestin-3 localization was visu
alized in formaldehyde-fixed cells by GFP fluorescence, and B2AR or
Tfn R localization was visualized in the same cells using Cy-3-conju
gated secondary antibody (Jackson ImmunoResearch).

Biochemical Analysis of Receptor Endocytosis Using
Cleavable Biotin

Stably transfected 293 cells expressing SFB2EE were grown in 6-cm
dishes, washed twice with ice-cold PBS, and biotinylated with 300
Hg/ml sulfo-NHS-S-S-biotin (Pierce) in PBS for 30 min at 4 °C Unre
acted biotin was quenched and removed by three washes with ice-cold
TBS at 4 °C. Biotanylated cells were then transferred to prewarmed
medium (37 or 16 °C) : 10 um isoproterenol for 30 min to assay
endocytosis, and then cells were again chilled on ice to stop membrane
trafficking. Biotin attached to proteins still remaining on the cell sur
face was cleaved by washing cells twice at 4 °C with glutathione strip
buffer (50 mM glutathione, 75 mM NaCl. 75 mm NaOH. 10% fetal bovine
serum in H2O). Cells were then washed twice for 15 min at 4 °C with
iodoacetamide buffer (50 mM iodoacetamide, 1% BSA in PBS, 7.4) to
quench residual glutathione and cap free sulfhydryl groups present on
proteins. Cells were then extracted with Triton X-100 extraction buffer
(0.5% (v/v) Triton X-100, 10 mm Tris-HCl, pH 7.5, 120 mM. NaCl, 25 mM
KCl, 1 ug/ml leupeptin, 1 ug/ml, pepstatin, 2 ug/ml aprotinun, 2 ■ ig■ ml
phenylmethylsulfonyl fluoride, and 1 mg/ml iodoacetamide), and ex
tracts were clarified by centrifugation in a microcentrifuge 12.000 × &
for 10 minº prior to immunoprecipitation of receptors.

SFB2EE or Tfn Rs were immunoprecipitated from cell extracts using
-4 tug/ml anti-FLAG M1 monoclonal antibody (Kodak Scientific Imag
ing Systems) or B3/25 monoclonal antibody2 (Boehringer Mannheim',
respectively, and 25 ul of protein A-Sepharose beads (Amersham Phar
macia Biotech). B3/25 immunoprecipitations required the addition of
-8 ug/ml rabbit anti-mouse linker antibody because this antibody
subtype (IgG, ) does not bind to protein A beads with high efficiency.
Immunoprecipitations were washed sequentially with HSB (0.1% SDS,
0.5% Triton X-100. 20 mM Tris-HCl, 7.5, 120 mM. NaCl, 25 mM KCl), 1 M
NaCl in HSB, and low salt wash buffer (10 mM Tris-HCl, 7.5). Washed
beads were extracted with SIDS sample buffer, and eluted proteins were
resolved by SDS-polyacrylamide gel electrophoresis under nonreducing
conditions. Resolved proteins were transferred to nitrocellulose mem
branes (Micron Separations. Inc.) and blocked for 30 min in Blotto (5%
dry milk, 0.1% Tween 20 in TBS). Biotinylated proteins were then
complexed with horseradish peroxidase by incubating membranes with
VectaStain ABC detection system (Vector Laboratories), and biotiny
lated proteins were detected using ECL (Amersham Pharmacia Bio
tech). Band intensities were quantitated by densitometry of films ex
posed in the linear range, imaged using a charge-coupled device
camera, and analyzed using National Institutes of Health Image
software.

Examination of Receptor Distribution in Isolated
Plasma Membrane Fragments

Stably transfected cells expressing HAB2ARs were grown on poly-L-
lysine (Sigma)-coated coversiips and preincubated at 37 or 16 °C for 30
min. Cells were then treated with 10 um isoproterenol for 30 min and
subsequently chilled to 4 °C for 15 min. HAB2ARs and T■ nRs present in
the plasma membrane were specifically labeled by incubating intact
cells at 4 °C in the presence of a saturating concentration of rabbit
anti-HA polyclonal antibody (- 10 ugml. Babco) and B3/25 antibody (8
Hg/ml ) for 1 h at 4 °C. Unbound antibodies were washed away with two
washes of ice-cold PBS. Plasma membranes were ripped away from the
cells grown on coverslips using a technique adapted from Sanan and
Anderson ( 18). Briefly, coverslips supporting antibody labeled cells
were chilled in an ice water bath, and another poly-L-lysine-coated
coverslip was laid on top of that. Slight pressure was applied through
the use of a rubber stopper, and the top coverslip, now with the plasma
membrane attached, was ripped away. The top coverslip was immedi
ately fixed in 3.7% formaldehyde in PBS for 10 min. Following fixation,
plasma membrane specimens were blocked with Blotto (3% dry milk.
0.1% Triton X-100 in TBS) and incubated with donkev anti-mouse
fluorescein isothiocyanate and donkey anti-rabbit Texas Red secondary
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Fig. 1. Endocytosis of B2ARs and TfnRs observed by fluorescence microscopy in 283 cells. Stably transfected 293 cells expressing
SFB2ARs were incubated in the presence of M1 anti-FLAG monoclonal antibody (to label the ectodomain epitope on the B2AR) and Texas
Red-conjugated transferrin (to label the transferrin receptor), as described under “Experimental Procedures." In the absence of agonist, B2ARs
were predominantly localized to the plasma membrane (a), whereas T■ nRs were rapidly endocytosed and were visualized in numerous endocytic
vesicles (d). In the presence of the adrenergic agonist isoproterenol (10 um), B2ARs were rapidly endocytosed and visualized in intracellular vesicles
(b). Many of these vesicles observed after 15 min of agonist stimulation colocalized with endocytosed transferrin (e). Incubation of cells at 16 °C
completely blocked agonist-induced endocytosis of B2ARs (c), whereas endocytosis of TfnR was readily detectable in the same cells (f)
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Fig. 2. Endocytosis of B2ARs and Tfnks observed by confocal fluorescence microscopy in HeLa cells. HeLa cells stably transfected
with HA-tagged wild type (WT) or dominant negative (K44A) mutant dynamin I under control of a tetracycline regulatable promoter (15) were
transiently transfected with SFB2ARs and dynamin expression was induced 24 h later. After an additional 48 h, B2ARs and TfmRs present in the
plasma membrane were labeled with M1 anti-FLAG antibody and Texas Red-conjugated transferrin, respectively, and confocal fluorescence
microscopy was used to examine redistribution of receptors from the plasma membrane. At 37 °C, endocytosis of both B2ARs and TfnRs was readily
observed within 15 min in normal cells (not shown) or in cells overexpressing wild type dynamin I (a (B2AR) and d (TfnRs)). Endocytosis of both
receptors was blocked in cells overexpressing K44A mutant dynamin at similar levels (b and e), indicating that endocytosis of both receptors is
specifically dynamin-dependent. However, as observed in 293 cells, endocytosis of B2ARs was blocked at 16 °C, even in cells expressing wild type
dynamin (c), whereas receptor-mediated endocytosis of transferrin was readily observed at this temperature in the same cells (f).

antibodies (both at 1:500 dilution; Jackson ImmunoResearch) to specif. sets using a linear lookup table to allow image registration and quan
ically detect T■ nRs and HAB2ARs, respectively, present in the plasma titation of clusters using National Institutes of Health Image software
membrane. For colocalization of B2ARs with clathrin, surface-labeled and to facilitate the display of merged color images using Adobe
plasma membranes (with rabbit anti-HA antibody) were ripped, fixed, PhotoShop.
and incubated with a 1:1000 dilution of X.22 (gift from Dr. F. Brodsky)
(19), followed by species-specific secondary antibodies conjugated with
different fluorochromes (as described above). Control experiments us
ing specimens labeled with single primary antibodies confirmed the
immunochemical specificity of the staining procedure and verified the
absence of bleedthrough between channels. Specimens were examined
by fluorescence microscopy, and images were collected using a cooled
charge-coupled device camera. Images were then written to 8-bit data

Quantitative Analysis of Receptor Clusters
Definition of Receptor Clusters—B2AR immunoreactivity visualized

in plasma membrane sheets prepared from untreated cells was evenly
distributed over the entire specimen, without any clusters varying
>50% from the mean staining intensity averaged over the plasma
membrane fragment. The intensity of this unclustered fluorescence
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staining was ºr 9-fold over nonspecific background. The fluorescence
intensity of B2AR clusters in isoproterenol-treated cells was typically
>5-fold greater than that observed in unclustered regions and was
always >20-fold greater than background.

Colocalization of Receptor Clusters with Clathrin or T■ nR–B2AR
clusters (defined above) were identified in dual labeled specimens, and
compared with the pattern of clathrin or TfnR immunoreactivity ob
served in the other fluorescence channel. Clusters of B2AR were scored
clathrin or T■ nR-positive i■ a cluster of clathrin immunoreactivity (more
than 10-■ old brighter than background) or Tfn R immunoreactivity
(more than 2-fold brighter than background) was centered within 2
pixels of the center of the B2AR cluster, which was judged to be the
resolution limits of our optical system. Clathrin or Tfn R clusters (de
fined above) were scored to be B2AR-positive if a cluster of B2AR
immunoreactivity >2-fold greater than the fluorescence staining inten
sity of the surrounding area was centered within 2 pixels of the center
of the clathrin or TfnR cluster.

Subcellular Fractionation and Immunoisolation of
Endocytic Membranes Containing B2ARs

SFB2EE cells were grown on 15-cm plates and treated for 2, 5, or 15
min with 10 ux isoproterenol at 37 °C. Cell monolayers were then
quickly chilled to 4 °C, equilibrated at this temperature for 10 min, and
washed twice with isotonic HFS buffer (20 mM HEPES, pH 7.4, 1 mM
EDTA, 255 mM sucrose). Cells were harvested with 1.0 ml per plate of
HES + 1 ug/ml leupeptin, 1 ug/ml pepstatin, 2 ug/ml aprotinin, 2 ug/ml
phenylmethylsulfonyl fluoride, and 100 ug■ ml DNase I (Sigma) by
scraping with a rubber policeman, and a homogenate was prepared by
five strokes in an ice-cold Dounce homogenizer. Unbroken cells, nuclei,
and the majority of plasma membrane fragments were removed by
differential centrifugation at 19,000 x g for 20 min at 4 °C, and a light
membrane fraction was prepared that included the majority of endo
cytic vesicles. Aliquots of this membrane fraction (3 mg of protein in 1
ml of HES + protease inhibitors) were incubated with 5 ug of EE
antibody for 2.5 h at 4 °C. A goat anti-mouse linker antibody (10 ug,
Jackson ImmunoResearch was added to the samples and incubated for
an additional 2.5 h at 4 °C. Antibody-bound membranes were isolated
by adding 25 ul of fixed Staphylococcus aureus cells (Pansorbin, Cal
biochem), washed twice with HES, and resuspended in 200 ml of HES.
Analysis of this fraction indicated that it is highly enriched in B2AR
containing endosomes and contains very low levels of residual plasma
membrane (as determined by recovery of only trace amounts of bioti.
nylated plasma membrane proteins in this fraction).

Saturation radioligand binding assays were performed on the immu
noisolates using l'Hidihydroalprenolol (Amersham Pharmacia Biotech)
as tracer and alprenolol 1 ■ ix to define nonspecific binding (which was
<10% of total binding in all cases), as described previously (12). Equal
amounts of B2AR-containing endosomes, as determined by B., esti
mates derived from radioligand binding assay, were solubilized with 25
ul of SDS sample buffer and resolved by SDS-polyacrylamide gel elec.
trophoresis. Proteins were transferred to nitrocellulose membranes and
blotted for B2AR using biotinylated M1 antibodies (prepared by stand
ard methods using Sulfo-NHS biotin; Pierce, B2ARs were detected
using horseradish peroxidase-conjugated anti-biotin secondary antibod
ies (Vector Laboratories) and ECL (Amersham Pharmacia Biotech). In
all experiments, equal amounts of B2AR estimated from radioligand
binding assay corresponded to equal amounts of receptor protein de.
tected by Western blotting. For detection of Tfn Rs, blots were probed
with H68.4 antibody (a gift from Dr. Ian Trowbridge) (20) followed by
horseradish peroxidase-conjugated goat anti-mouse secondary antibod
ies (Jackson ImmunoResearch, and ECL detection. Relative amounts of
T■ nR present in B2AR-containing endosomes isolated at various times
after endocytosis were quantitated by densitometry of T■ nR immuno
reactivity detected in Western blots of immunoisolates loaded according
to equal B2AR content.

RESULTs

Dynamin-dependent Endocytosis of Adrenergic Receptors Is
Selectively and Completely Blocked at 16 °C, whereas Trans
ferrin Receptors Continue to Endocytose Rapidly at This Tem
perature—Agonist-induced endocytosis of B2ARs in 293 cells
has been reported previously to be mediated by clathrin-coated
pits and a similar vesicular pathway as that of constitutive
endocytosis and recycling of Tfn Rs (1, 2, 12, 21). Consistent
with this, in the presence of the adrenergic agonist isoproter
enol, epitope-tagged B2ARs were translocated within minutes
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Fig. 3. Biochemical analysis of receptor endocytosis. Endocyto
sis of SFB2EE receptors and T■ nRs was assayed by resistance to glu
tathione cleavage following surface biotinylation, as described under
"Experimental Procedures." Lanes 1 and 2 represent total biotinylated
receptor and quantitative loss of biotinylation following cleavage, re
spectively. Lanes 3 and 4 represent internalized receptors detected in
cells incubated in the absence and presence of 10 ux isoproterenol for
30 min at 37 °C, respectively. Lancs 5 and 6 represent internalized
receptors in cells incubated at 16 °C. The top panels represent
SFB2AREE receptors, and the bottom panels represent T■ nRs.

from the plasma membrane to endocytic vesicles (Fig. 1, com
pare panels a and b), many of which contained endocytosed
transferrin (Fig. 1, b and e). Endocytosis of both receptors was
undetectable in cells incubated at 4 °C (not shown). However,
significant differences were observed in the temperature de
pendence of B2AR and TfnR endocytosis at intermediate tem
peratures. In particular, endocytosis of B2ARs was undetect
able in cells incubated at 16 °C, even in the presence of 10 um
of isoproterenol (Fig. 1r). This is a saturating concentration of
agonist that strongly activates receptors at 16 °C, as deter
mined by assay of receptor-mediated activation of adenylyl
cyclase and agonist-induced phosphorylation of receptors at
this temperature (not shown). In contrast to the failure of
B2ARs to endocytose at 16 °C, endocytosis of T■ nRs was readily
observed at this temperature in the same cells. This was indi
cated by the bright punctate staining of endocytic vesicles
containing internalized Texas Red-conjugated transferrin (Fig.
lf). These puncta were confirmed to represent endocytic vesi
cles, rather than clusters in the plasma membrane, both by
optical sectioning using confocal microscopy and because they
were resistant to stripping under conditions that remove la
beled transferrin from the cell surface (not shown). This differ
ence in the temperature dependence for endocytosis of B2ARs
and Tfn Rs was observed in multiple clones of stably transfected
cells, as well as in transiently transfected cells expressing
different levels of receptor protein.

A similar assay was used to compare the endocytosis of
B2ARs and T■ nRs in HeLa cells, in order to determine whether
the selective blockade of B2AR endocytosis observed at 16 °C is
unique to 293 cells or whether it reflects a general property of
receptor endocytosis. As in 293 cells, endocytosed B2ARs and
Tfn Rs visualized in agonist-stimulated HeLa cells were ob
served in a similar population of endocytic membranes, many
of which could be colocalized by confocal fluorescence micros
copy (Fig. 2, a and d). Furthermore, endocytosis of both recep
tors was specifically inhibited by K44A mutant dynamin I (Fig.
2, b and e), supporting the hypothesis that both receptors are
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FIG.4, Visualization of B2AR distribution in isolated

37°C 16°C

of ol brane. A. B2AR distribution was visualized in plasma
membrane sheets prepared from cells incubated at 37 °C in the absence of agonist (a), cells incubated in the presence of 10 um isoproterenol at 37 °C
for 30 min (b), or cells exposed to isoproterenol at 16 °C (c), B, quantitative analysis of digital fluorescence micrographs was performed to compare
the number of receptor clusters induced by agonist at 37 °C and 16 °C. The mean density of receptor clusters derived from analysis of 4 plasma
membrane fragments (each having - 150 clusters/fragment), prepared from cells incubated in the presence of isoproterenol at either 16 or 37 °C,
is presented. Error bars indicate the standard deviation of densities determined for each plasma membrane sheet from the mean. C, the
fluorescence intensity of receptor clusters was determined by measuring the average fluorescence intensity of individual clusters selected at
random from plasma membrane fragments prepared from cells treated with isoproterenol at either 16 or 37 °C after subtracting the background
fluorescence. The mean value of this fluorescence intensity determined from analysis of 200 clusters from each condition are presented. Error bars
indicate the standard deviation of these data from the mean.

endocytosed by clathrin-coated pits (15, 22) in HeLa cells as in
293 cells. However, as observed in 293 cells, endocytosis of
B2ARs was undetectable by this assay in cells incubated at
16 °C, whereas endocytosis of Tfnks was readily observed at
this temperature in the same cells (Fig. 2, c and f).

The selective blockade of B2AR endocytosis at 16 °C was
confirmed using a biochemical assay to measure endocytosis of
B2ARs and TfnRs in the same stably transfected 293 cells.
Both B2ARs and TfnRs, analyzed by specific immunoprecipi
tation from the same cell lysates, were readily detected in the
plasma membrane of surface-biotinylated 293 cells. B2ARs re
solved as a glycosylated band resolving with an apparent mo
lecular mass between 60 and 80 kDa, whereas TfnRs resolved
at ~190 kDa by SDS-polyacrylamide gel electrophoresis under
nonreducing conditions (Fig. 3, lane 1, top and bottom panels,
respectively). Biotin was cleaved quantitatively in the presence
of a membrane-impermeant reducing agent (Fig. 3, lane 2),
allowing endocytosis of both receptors to be detected in the
same cells by their resistance to cleavage under these condi
tions. Using this highly sensitive biochemical assay, a small
amount of B2AR endocytosis was observed in the absence of
agonist (Fig. 3, lane 3, top panel), which was strongly stimu
lated in the presence of isoproterenol (lane 4, top panel). Con
stitutive endocytosis of Tfnks was readily detectable in the
same cell lysates, both in cells incubated in the absence and
presence of isoproterenol (lanes 3 and 4, bottom panel).

In cells incubated at 16 °C, agonist-induced endocytosis of
B2ARs was completely blocked (Fig. 3, lane 6, top panel). In
contrast, endocytosis of TfnRs was readily detectable and was
only partially inhibited relative to that observed at 37 °C (com
pare lanes 3 and 4 to lanes 5 and 6, bottom panel). These results
were quantitated in multiple experiments using densitometric
scanning of films exposed in the linear range. This analysis
confirmed a complete (-95%) inhibition of agonist-induced en
docytosis of B2ARs at 16 °C. No agonist-induced endocytosis
was detected when assays were conducted for different time
periods ranging from 15 min to 1 h (not shown), further con
firming that the inhibition of agonist-induced endocytosis of
B2ARs observed at 16 °C represents an essentially complete
blockade rather than a quantitative effect on endocytic rate. In
contrast, this analysis indicated that the partial inhibition of
T■ nR endocytosis observed at 16 °C represents a moderate
(~2.3-fold) reduction in the rate of Tfn R endocytosis. Thus
incubation of cells at 16 °C selectively and nearly completely
blocked the agonist-induced endocytosis of B2ARs, whereas it
only partially inhibited the rate of constitutive endocytosis of
Tfnks measured in the same cells.

Adrenergic Receptors Associate with Clathrin-coated Pits
That Fail to Endocytose at 16 °C–A relatively simple explana
tion for the selective blockade of B2AR endocytosis observed at
16 °C could be that B2ARs are immobile in the plasma mem
brane at this temperature and are therefore unable to enter
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Fig. 5. Colocalization of B2AR clusters with clathrin-coated pits. A, B2AR (a) and clathrin (b) immunoreactivity were visualized in the
same plasma membrane fragments prepared from cells treated with isoproterenol. The merged image is shown in c. The arrows (a-c) point out a
representative clathrin pit that does not contain any detectable B2AR immunoreactivity. B, B2AR localization in the plasma membrane of cells
incubated in the presence of isoproterenol at 16 °C was examined by immunogold electron microcopy. Chusters of B2AR immunoreactivity were
observed in association with coated regions of the plasma membrane, many of which had the characteristic size and appearance of clathrin-coated
pits. C, the colocalization between B2AR clusters and clathrin was quantitated in isolated plasma membrane fragments, as described under
"Experimental Procedures." Columns indicate the mean percentage of receptor clusters associated with clathrin (left) or not associated with
clathrin (right) determined from analysis of 600 individual clusters of B2AR immunoreactivity selected at random. Error bars indicate the standard
deviation of these data from the mean. D, the degree of colocalization between clathrin clusters and B2AR immunoreactivity was determined by
additional analysis of the same specimens. Columns indicate the mean percentage of clathrin clusters associated with H2AR clusters (left) or not
associated with B2AR clusters (right) determined from analysis of 600 individual clusters of clathrin immunoreactivity selected at random. Error
bars indicate the standard deviation of these data from the mean.

coated pits. Although B2ARs are rapidly mobile in the plasma
membrane at 37 °C (23) and have been shown previously to
associate with coated pits at both 37 and 16 °C (1, 2), the
relative extent to which receptor clustering in the plasma mem
brane may be inhibited at reduced temperature is not known.
To examine this question, we utilized a previously described
technique that allows receptor distribution to be examined
relative to clathrin-coated pits in large regions of the plasma
membrane viewed en face (18).

Using this technique, B2ARs were observed in a diffuse
distribution in the plasma membrane of cells incubated in the
absence of agonist (Fig. 4A, panel ay. In the presence of isopro
terenol at 37 °C, marked clustering of B2ARs in the plasma
membrane was observed (Fig. 4A, panel b). This agonist-in
duced clustering of receptors was completely blocked at 4 °C
(not shown). However, at 16 °C, pronounced agonist-induced
clustering of B2ARs occurred in the plasma membrane that
was qualitatively indistinguishable from that observed at 37 °C
(Fig. 4A, panel c). Quantitative analysis of fluorescence stain
ing intensity in these specimens indicated that the relative
density of B2AR clusters observed in the plasma membrane
was not significantly different in cells incubated with isoprot
erenol at 37 °C compared with 16 °C (Fig. 4B). Furthermore,
the concentration of B2AR immunoreactivity present in indi
vidual clusters formed at 16 °C was similar to, or even slightly
greater than, that observed in clusters formed at 37 °C
(Fig. 4C).

To determine whether clusters of B2ARs formed at 16 °C are
associated with clathrin-coated regions of the plasma mem
brane, the localization patterns of B2ARs and clathrin were

compared in the same plasma membrane fragments. A repre
sentative region of the plasma membrane is shown at high
magnification in Fig. 5A. Most B2AR clusters present in the
plasma membrane (Fig. 5A, panel a) colocalized with puncta of
intense clathrin immunoreactivity (panel b), causing them to
appear yellow in the merged image (panel c, arrowhead). B2AR
clusters on the plasma membrane also colocalized extensively
with AP-2 (data not shown). These clathrin-positive puncta
have been demonstrated previously to represent clathrin
coated pits and flat lattices that represent intermediates in
coated pit formation (18). Quantitation of these observations
over a large number of plasma membrane fragments confirmed
that the vast majority (~90%) of B2AR clusters present in the
plasma membrane were associated with clathrin coats (Fig.
5C). Many of these structures had the morphology of typical
coated pits when observed by electron microscopy of ultrathin
sections (Fig. 5B), consistent with a previous study in which
agonist-induced redistribution of B2ARs into coated pits was
observed at 16 °C (1). Thus, clathrin-coated pits containing
concentrated B2ARs form efficiently in the plasma membrane
at 16 °C but fail to endocytose at this temperature, indicating
that the rate-limiting step for B2AR endocytosis under these
conditions is downstream of the agonist-induced clustering and
association of receptors with clathrin-coated regions of the
plasma membrane.

Transferrin Receptors Are Observed in a Compositionally
Distinct Subpopulation of Clathrin-coated Pits—The ability of
B2ARs to associate efficiently with clathrin-coated regions of
the plasma membrane that ■ ail to endocytose at 16 °C raises
the question of how Tfn Rs are able to continue to undergo
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Fig. 6. Colocalization of B2ARs and Tfnks in isolated plasma membrane fragments. Plasma membrane sheets were prepared from cells
treated at 16 °C for 30 min with 10 MM isoproterenol, then double labeled for B2ARs and T■ nR immunoreactivity as described under"Experimental
Procedures." A, clusters of HAB2ARs (a) and T■ nRs (b) were visualized throughout the plasma membrane sheets. Colocalization is indicated by the
yellow staining of structures observed in the merged color image (c). In addition, a large number of clusters were highly enriched in either B2AR
immunoreactivity (green structures in c) or Tfnk immunoreactivity (red structures in c) but not both. B, colocalization between B2AR and Tfn R
clusters was quantitated. The mean percentage of clusters containing colocalized B2ARs and TfnRs (left), B2ARs without detectable Tfn Rs
(middle), or Tfnks without detectable B2ARs (right) are presented from an analysis of >600 individual receptor clusters observed in four separate
plasma membrane specimens. Error bars represent the standard deviation of these data from the mean.

dynamin-dependent endocytosis at 16 °C in the same cells. One
possibility is that B2ARs may concentrate in a limited subset of
coated pits in the plasma membrane, which differ in their
temperature dependence for endocytosis. Supporting this hy
pothesis, numerous clathrin-coated pits were observed in the
plasma membrane that did not contain a detectable concentra
tion of B2ARs, causing them to appear red in the merged image
(Fig. 5A, panel c; a representative B2AR-negative coated pit is
indicated by an arrow in panels a-c). Quantitation of these
observations indicated that even in cells overexpressing B2ARs
at high levels (~1pmol/mg), -20% of clathrin-coated pits were
devoid of detectable concentration of B2AR immunoreactivity
(Fig. 5D). An alternative interpretation of this observation is
that these B2AR-negative puncta may represent deeply invag
inated coated pits, which are inaccessible to macromolecules
such as antibodies (24). Thus, B2ARs, even if present in these
structures, could be undetectable by immunocytochemical
staining. To address this possibility directly, we compared the
distribution of B2ARs and TfnRs receptors in the same plasma
membrane fragments using the same technique. Both B2ARs
and Tfn Rs were labeled in parallel using monoclonal antibodies
that specifically recognize ectodomains of each receptor, to
ensure that differences in the localization pattern of B2AR and
Tfnk immunoreactivity were not caused by differences in the
accessibility of individual coated pits to antibodies. These ex
periments confirmed that, indeed, significant compositional
heterogeneity exists among individual clathrin-coated pits in
the plasma membrane. Significantly, many coated pits were
observed in the plasma membrane containing readily detecta
ble concentrations of either Tfnks or B2ARs, but not both (red
and green puncta, respectively, in Fig. 6A, panel c). In addition,
consistent with the ability of some coated pits to endocytose a
mixed membrane cargo, coated pits containing both types of
receptor were also observed (yellow structures in Fig. 6A,
panel c).

Quantitation of these differences in receptor immunoreactiv
ity by digital fluorescence imaging confirmed that individual
coated pits differed substantially in relative concentration of
B2AR and T■ nR. All coated pits scored as B2AR-negative con
tained no detectable concentration of B2AR immunoreactivity
above background levels (measured in unclustered regions of
the plasma membrane) and were determined to be depleted

>5-fold of B2ARs compared with coated pits containing detect
able B2ARs. Similarly, T■ nR-negative coated pits contained no
Tfnk immunoreactivity above background and were deter
mined to be depleted of TfnRs by >5-fold compared with TfnR
positive coated pits (see the legend to Fig. 6A). Quantitation of
the relative numbers of these structures observed in multiple
experiments indicated that -50% of the coated pits observed in
the plasma membrane contained readily detectable amounts of
either B2ARs or Tfn Rs, but not both (Fig. 6B, middle and right
columns). These data confirm the existence of a substantial
number of compositionally distinct coated pits in the plasma
membrane, even when using relatively stringent experimental
criteria (>25-fold difference in relative concentration of B2AR
versus Tfink immunoreactivity) that may underestimate the
absolute number of these structures.

Clathrin-coated Pits Containing B2ARs or TfnRs Differ in
the Protein Composition of Their Membrane Coats—The heter
ogeneity observed among clathrin-coated pits at 16 °C was also
seen at 37 °C (data not shown), indicating that compositionally
distinct subpopulations of clathrin-coated pits exist at physio
logical temperatures. Interestingly, despite their ability to seg
regate among distinct coated pits, quantitative analysis of re
ceptor concentration in individual coated pits suggested that
B2ARs and TfnRs do not compete for the same binding sites in
the coated pits (Fig. 6, legend). These observations suggest that
individual coated pits may differ in the composition of the
clathrin-associated proteins that interact selectively with
B2ARs or T■ nRs. Endocytosis of B2ARs is promoted by receptor
interaction with 8-arrestins, which have the ability to bind to
clathrin and to associate with clathrin coated pits (2). To ex
amine whether 8-arrestin specifically marks the subpopulation
of coated pits that contain B2ARs, we used HAB2AR cells
transiently transfected with arrestin3-GFP (17). Cells were
treated with 10 um of isoproterenol at 37 °C and quickly chilled
to 4 °C to inhibit any further endocytosis. Surface B2ARs and
Tfnks were labeled with antibodies recognizing the ectodomain
of the receptors under nonpermeabilized conditions, thereby
labeling only those receptors present in the plasma membrane.
When cells were fixed and stained with secondary antibodies,
B2ARs were seen as discrete clusters present in the plasma
membrane (Fig. 7a). B2AR-containing coated pits colocalized
extensively with arrestin3-GFP (Fig. 7b), consistent with pre
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Fig. 7. B2AR- and T■ nR-coated pits differ in their membrane coat composition. Cells transfected with arresting-GFP were treated for
30 min at 37 °C with 10 um isoproterenol to drive endocytosis and recycling of B2ARs to steady state (12). Surface HAB2ARs, labeled under
nonpermeabilized conditions (a), extensively colocalized with arrestin9-GFP(b), yielding yellow puncta in the merged image (c) (red, B2AR, green,
arrestin3-GFP), Surface T■ nRs (d) only partially colocalized with arrestin3-GFP (e), as demonstrated by the merged color image (f). Although some
coated pits containing T■ nRs were associated with arresting-GFP (yellow puncta), many coated pits containing T■ nRs were not associated with
arrestin3-GFP (red). In addition, numerous arrestinº-GFP-positive puncta were observed that did not contain TfnRs (green).

vious studies demonstrating colocalization between B2ARs and
B-arrestin in coated pits (2). This extensive colocalization is
indicated in Fig. 7c, in which B2ARs (red) and arrestin3-GFP
(green) give rise to yellow clusters when the images are merged.
In contrast, arrestin:3-GFP was associated only with a minority
of coated pits containing TfnRs (Fig. 7, d and e), consistent with
the existence of numerous coated pits containing T■ nRs but no
detectable B2ARs. Although some coated pits that contained
T■ nRs were associated with arresting-GFP (yellow puncta),
many of these coated pits were not associated with arrestin3
GFP (red puncta). Moreover, numerous arrestin-positive
coated pits were observed that excluded Tfn Rs (green puncta).
These results confirm the existence of compositionally distinct
subpopulations of clathrin-coated pits in the plasma mem
brane, even in intact cells examined under steady state condi
tions at physiological temperature, and they identify a specific
difference in the coat protein composition of these coated pits.
Furthermore, because coated pits containing B2ARs colocalized
extensively with B-arrestin at 16 °C (data not shown), these
results suggest that B2AR-containing coated pits present in the
plasma membrane at 16 °C contain a full complement of coat
components yet still fail to endocytose at this temperature.

Endocytosis of Adrenergic and Transferrin Receptors by Dif.
ferent Clathrin-coated Pits Mediates the Formation of Compo
sitionally Specialized Primary Endocytic Vesicles, Which Fuse
with a Common Population of Early Endosomes—The observa
tion of compositionally distinct clathrin-coated pits in the

plasma membrane at 37 °C suggests that these coated pits may
mediate the selective endocytosis of B2ARs and T■ nRs into
different endocytic vesicles. To test this hypothesis, the endo
cytosis of B2ARs and T■ nRs was compared in the same cells at
37 °C using time-lapse fluorescence microscopy. Cells were in
cubated with isoproterenol, and B2ARs and T■ nRs present in
the plasma membrane were specifically labeled with different
fluorophores at 4 °C. Then, the movement of receptors from the
plasma membrane was determined at different times after
warming cells rapidly to 37 °C in the continued presence of
isoproterenol. Within 2 min after warming cells from 4 to 37 °C,
both B2ARs and T■ nRs were translocated from the plasma
membrane to small endocytic vesicles (as indicated by resist
ance to antibody stripping in nonpermeabilized cells), which
were located close to the plasma membrane (Fig. 8A, panel a,
green puncta and red puncta, respectively). Some of these ves
icles contained readily detectable amounts of both B2ARs and
Tfnks, yielding yellow staining of these structures in the
merged image (Fig. 8A, panel a, large arrow), consistent with
the observation of coated pits in the plasma membrane con
taining both receptors. In addition, numerous small endocytic
vesicles were observed in the cell periphery, which were highly
enriched for B2ARs but contained no detectable Tfn Rs (green
vesicles in Fig. 8A, panel a, small arrow) or were enriched for
T■ nRs without detectable B2AR immunoreactivity (red vesicles
in Fig. 8A, panel a, arrowhead). These observations support the
hypothesis that compositionally specialized coated pits func

33



2 m in

B2AR ---- -- - -Tfnk

LM. CTL ILN 2 5 15
minutes

FIG. 8. Endocytosis of B2ARs and T■ nRs by distinct primary endocytic vesicles. A, internalization of surface-labeled SFB2ARs and
Tfnks was examined in the same cells by time-lapse fluorescence microscopy, as described under "Experimental Procedures." Receptors internal
ized after 2 min were observed in small endocytic vesicles located at the cell periphery close to the plasma membrane. Some of these vesicles
contained both B2ARs and T■ nR, appearing yellow in the merged color image (a, large arrow). Another population of primary endocytic vesicles
were brightly stained with endocytosed B2ARs but did not contain detectable amounts of endocytosed T■ nR, appearing green in the merged color
image (a, small arrow). Conversely, endocytic vesicles highly enriched in Tfn Rs but containing no detectable B2ARs were also observed in the same
cells, appearing as red structures (a, arrowhead). Fºxamination of the same cells after an additional 8 min of incubation (10 min total) revealed that
B2ARs and T■ nRs became extensively colocalized (b, yellow structures) in vesicles that had a tubulovesicular morphology (b, arrows), B, endocytic
vesicles containing epitope tagged B2ARs were immunoisolated from a light membrane fraction (LM) to yield a highly purified population of
B2AR-containing endocytic vesicles (ILN), as indicated by anti-B2AR immunoblotting of the membrane fractions. No membranes were recovered
in control isolates prepared from the LM fractions of cells expressing B2ARs without the epitope tag (CTL), confirming the biochemical specificity
of the immunoisolation procedure. C, B2AR-containing vesicles were immunoisolated after 2, 5, and 15 min of isoproterenol treatment. Aliquots
of endocytic membranes containing equal amounts of B2AR were analyzed for content of T■ nR by immunoblotting using H68.4 monoclonal
antibody. B2AR-containing endocytic membranes isolated within 2 min after endocytosis (left lane) were relatively depleted of Tfn Rs, whereas the
relative amount of immunoreactive T■ nR increased in a time-dependent manner (middle and right lanes indicate endocytic membranes isolated 5
and 15 min after endocytosis, respectively).

tion at 37 °C and can mediate the endocytosis of B2ARs and prepared that contained the majority of endocytosed B2ARs
TfnRs into different primary endocytic vesicles. Interestingly, detected either by radioligand binding assay or immunoblot
upon continued incubation of cells at 37 °C, endocytosed B2ARs ting (Fig. 8B, lane LM). Immunoisolation from this fraction,
and Tfnks, present initially in different endocytic vesicles, using a monoclonal antibody specifically recognizing the cyto
merged into the same endocytic membranes, which were lo- plasmic epitope tag present in the B2AR receptor protein,
cated deeper in the cytoplasm and typically had a tubulove- produced a highly purified fraction of B2AR-containing endo
sicular morphology (Fig. 8A, panel b, arrows). These observa- cytic membranes (Fig. 8B, lane ILN). The specificity of immu
tions suggest that primary endocytic vesicles formed from noisolation was confirmed in control experiments where no
compositionally distinct clathrin-coated pits are capable of fus- membranes were recovered from cells expressing B2ARs at the
ing with the same early endosomes within several minutes
after their formation, thereby accounting for the localization of
B2ARs and T■ nRs in the same early and recycling endosomes
observed in previous studies (12).

The ability of B2ARs and T■ nRs to endocytose via distinct
primary endocytic vesicles that subsequently fuse with a com
mon population of endosomes was confirmed biochemically.
Cells expressing B2ARs engineered to contain a cytoplasmic
epitope tag were treated with isoproterenol at 37 °C for various
times to stimulate endocytosis of B2ARs. Then cells were lysed
in isotonic media at 4 °C, and a light membrane fraction was

same level but without the cytoplasmic epitope tag (Fig. 8B,
lane CTL) or in isolations performed using an irrelevant mono
clonal antibody (not shown). The relative amounts of TfnR
present in endosome fractions containing equal amounts of
B2AR were determined by immunoblotting. Consistent with
the immunocytochemical studies, B2AR-containing endosomes
isolated within 2 min after endocytosis contained relatively
small amounts of TfnR, whereas the relative amounts of Tfnk
present in B2AR-containing endosomes increased within an
additional 15 min (Fig. 8C). Taken together, these findings
confirm the hypothesis that B2ARs and T■ nRs can be packaged
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"Divergent" Membrane Specialization
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Fig. 9. Model for the specialization
of endocytic membranes. A, many
membrane proteins are sorted into spe
cialized endocytic vesicles through diver
gent membrane specialization. For exam
ple, certain synaptic vesicle proteins are
internalized together with constitutively
endocytosed receptors, such as the Tfnk,
by clathrin-coated pits and delivered to
early endosomes. From the early endo
some, synaptic vesicle proteins diverge
from the common endocytic pathway to
form synaptic vesicles. B, in contrast, a
different and novel mechanism for mem

brane specialization, a convergent model, ■ º a synaptic vesiclecan be used to describe the endocytic traf- protein

ficking of the B2A.R. B2ARs and Tfn Rs Y-ma G) specialized Endosomeare endocytosed by functionally distinct (e.g: synaptic vesicle)
subpopulations of clathrin-coated pits © a transferrin
that co-exist in the plasma membrane.
These subpopulations of coated pits differ
functionally in their temperature depend- Bence for endocytosis because fission from
the plasma membrane of the B2AR-con
taining coated pits (whether or not they
also contain T■ nRs) is selectively blocked
at 16 °C. Following endocytosis, composi
tionally distinct primary endocytic vesi
cles are formed from these subpopula
tions of coated pits and remain in the
cytoplasm for up to 10 min before converg
ing with a common population of tubu
lovesicular endosomes. The convergence
of B2ARs and T■ nRs into a common endo
somal compartment accounts for the ex
tensive colocalization observed between
these receptors at later stages after endo
cytosis (Fig. 8) and at steady state (12).
We propose that primary endocytic vesi- c = transferrin
cles containing B2AR function in recep- • * agonist
tor-mediated activation of MAPK Ligand 3

dissociation and dephosphorylation of re- (2) = Po.
ceptors may occur after receptor delivery Y-mato a common population of endosomes.

selectively into different primary endocytic vesicles by clathrin
mediated endocytosis, and they indicate that these vesicles
fuse within 10 min after their formation with a common pop
ulation of early and/or recycling endosomes.

discussion

The specialized role of clathrin-mediated endocytosis in
GPCR function raises the question of whether GPCRs may be
targeted to a distinct subpopulation of membrane vesicles at
any time during their endocytic trafficking. As one approach to
address this question, we performed a detailed comparison of
the endocytic membrane trafficking of B2ARs and Tfn Rs in the
same cells. Our studies demonstrate that compositionally dis
tinct endocytic vesicles containing concentrated B2ARs do ex
ist. Surprisingly, in contrast to other compositionally refined
endocytic membranes that are formed after the delivery of
membrane cargo to early endosomes, endocytic membranes
selectively enriched in B2ARs are generated at the earliest
stage of the endocytic pathway. This was shown initially by
immunocytochemical and biochemical assays demonstrating
that the agonist-induced endocytosis of B2ARs is selectively
and almost completely blocked at 16 °C. In marked contrast,
constitutive endocytosis of Tfn Rs by coated pits was readily
observed and only partially inhibited at this temperature. This
selective temperature block did not result from reduced lateral
mobility of B2ARs in the plasma membrane because both

"Convergent" Membrane Specialization

(e.g.: B2AR vesicles)
(2)

.
MAPK

B2ARs and Tfn Rs concentrated in clathrin-coated pits at 16 °C
and did so to a similar extent as observed at 37 °C. Further
investigation of this phenomenon revealed that individual sub
populations of clathrin-coated pits differ also in whether or not
their membrane coats contain B-arrestin. Thus two distinct
subpopulations of clathrin-coated pits can be resolved in the
plasma membrane, which differ both functionally (in their tem
perature dependence for endocytosis) and biochemically (in the
composition of their clathrin coat-associated proteins).

The selective association of B2AR-containing coated pits
with 3-arrestin is consistent with the ability of this protein to
promote the association of B2ARs with clathrin-coated pits (2).
Interestingly, B2ARs were observed in a limited subpopulation
of coated pits even in cells overexpressing both B2ARs and
arrestins, suggesting that the formation of a distinct subpopu
lation of B2AR-containing coated pits cannot be explained by
the presence of receptors or 8-arrestin in limiting amounts.
Conversely, it also appears unlikely that coated pit subpopula
tions are generated by the random assortment of receptors
among individual coated pits, because a large number of coated
pits are observed in the plasma membrane that differ greatly in
receptor concentration, even in cells overexpressing B2ARs.
Further studies will be necessary to understand the mechanis
tic basis for the selectivity of receptor association with individ
ual subpopulations of coated pits and to elucidate why individ
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endosomes (Fig. 9B). Further studies will be required to test
this hypothesis and to identify putative signaling proteins
that associate with activated receptors in these endocytic
membranes.

In conclusion, the present studies establish that agonist
induced endocytosis of GPCRs is mediated by a subpopulation
of clathrin-coated pits, which form compositionally refined pri
mary endocytic vesicles that are capable of fusing with a com
mon population of early endosomes. The existence of biochem
ical and functional specificity at the earliest stage of the
endocytic pathway is a novel observation that may be impor
tant to understanding the specialized functions of endocytosis
in signal transduction and receptor regulation. These studies
also suggest a new model for convergent membrane trafficking
of compositionally specialized endocytic vesicles, which may
be of general relevance to understanding differences between
constitutive and regulated endocytosis of other membrane
proteins.
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ual subpopulations of coated pits differ in their temperature
dependence for fission from the plasma membrane.

Although distinct subpopulations of coated pits were first
observed in cells incubated at reduced temperature, they were
also observed in cells incubated at 37 °C and mediated the
internalization of B2ARs and Tfn Rs into distinguishable sub
populations of endocytic vesicles at this temperature. These
vesicles represent compositionally specialized early intermedi
ates in the endocytic pathway, which exist as separate struc
tures in the cytoplasm for up to -10 min after their formation
and then fuse with a common population of tubulovesicular
endosomes containing both B2ARs and Tfn Rs. These observa
tions, which were established both by time-lapse fluorescence
microscopy of live cells and by biochemical analysis of B2AR
containing endocytic vesicles immunoisolated at various times
after receptor internalization, reconcile the present results
with previous studies demonstrating colocalization of B2ARs
and Tfn Rs in the same recycling endosomes (12).

To our knowledge. the present observation that B2ARs are
endocytosed by a biochemically and functionally distinct sub
population of clathrin-coated pits is completely novel. The pres
ent studies have focused exclusively on the B2AR as a model
GPCR that undergoes agonist-induced endocytosis by clathrin
coated pits. However, studies in progress indicate that agonist
induced endocytosis of several other GPCRs is also blocked at
16 °C (data not shown), suggesting that the present observa
tions may be relevant to the regulated endocytosis of other
receptors. Interestingly, morphological studies of ligand-in
duced endocytosis of receptor tyrosine kinases suggest that
these signaling receptors may also associate with a subset of
coated pits (25, 26). Although these earlier studies did not
identify biochemical or functional distinctions among coated
pits containing receptor tyrosine kinases, they suggest the
possibility that the endocytosis of ligand-regulated receptors
by distinct clathrin-coated pits may be a rather general
phenomenon.

The present observations establish a new model for the gen
eration of membrane specialization in the early endocytic path
way. In contrast to other specialized membrane proteins, which
are first delivered to a common population of early endosomes
and are subsequently packaged into distinct vesicles that di
verge from this common pathway (Fig. 9A), compositionally
refined membranes containing B2ARs are generated at the
earliest stage of the endocytic pathway and subsequently
merge with a common population of endosomes (Fig. 9B). This
model for "convergent" membrane trafficking of specialized
endocytic membranes is unprecedented and may be of partic
ular importance for the specialized functions of the endocytic
pathway in signal transduction. In the case of B2AR, for exam
ple, endocytosis by clathrin-coated pits is specifically required
for receptor-mediated signaling via MAPK. Significantly, the
ability of these receptors to signal to MAPK requires both
agonist-activation of the receptor and receptor phosphorylation
(27). However, early endosomes mediate dephosphorylation of
internalized receptors and also promote ligand dissociation,
suggesting that internalized receptors may be unable to signal
to MAPK following delivery to early endosomes (28). Thus, it is
possible that the packaging of GPCRs into refined endocytic
membranes at this early stage in the endocytic pathway pro
vides a membrane environment that supports the selective
signaling of internalized receptors to MAPK, before ligand
dissociation and receptor dephosphorylation occur in early
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CHAPTER 3

Endocytosis of native epidermal growth factor receptors by a functionally

distinct subpopulation of clathrin-coated pits
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SUMMARY

Recent studies have shown that endocytosis of the beta-2 adrenergic receptor is mediated

by a subpopulation of clathrin-coated pits. It is not known if other classes of signaling

receptor are also endocytosed by distinct coated pits or if this heterogeneity in the early

endocytic pathway is observed in cells expressing native receptors at endogenous levels.

Here we demonstrate that the epidermal growth factor receptor (EGFR), expressed

endogenously in HEK293 cells, is also endocytosed by distinct coated pits. Endocytosis

of EGFRs was completely (>95%) blocked at 16°C, while endocytosis of transferrin

receptors (TfnRs) was only partially (~2-fold) inhibited. At 16°C, ligand-activated

EGFRs concentrated in a subset of clathrin-coated pits, which were blocked at an

intermediate stage of maturation. Interestingly, incubation of cells at 16°C caused a

similar effect on receptor-mediated signal transduction as dominant-negative mutant

dynamin, strongly inhibiting phosphorylation of MAP kinase without inhibiting receptor

activation or phosphorylation of Shc. We conclude that coated pits mediating regulated

endocytosis of diverse classes of signaling receptor differ significantly from other coated

pits at an intermediate stage of coated pit maturation. In addition, our data support the

hypothesis that this subpopulation of coated pits plays a specialized functional role in

mitogenic signal transduction.

INTRODUCTION

Many receptors that mediate signal transduction, including G protein-coupled receptors

(GPCRs) such as the beta-2 adrenergic receptor and receptor tyrosine kinases such as the
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epidermal growth factor receptor (EGFR), undergo ligand-induced endocytosis by

clathrin-coated pits (1-3). Ligand-induced endocytosis of signaling receptors shares

many similarities with constitutive endocytosis of nutrient receptors, such as the LDL

receptor and transferrin receptor (Tfnk). Endocytosis of both types of receptor is

mediated by clathrin-coated pits and delivers receptors to a similar population of early

endocytic membranes (4).

Nevertheless, significant differences exist between regulated and constitutive

endocytosis. Distinct protein interactions are involved in the ligand-induced

concentration of signaling receptors in clathrin-coated pits (2), and endocytosis of

signaling receptors mediates specialized functions in signal transduction and receptor

regulation (5-7). Recently, studies of recombinant GPCRs suggest an additional

difference between regulated and constitutive endocytosis. Agonist-activated beta-2

adrenergic receptors, even when overexpressed at high levels, were observed to

concentrate in a limited subpopulation of clathrin-coated pits that exhibit a distinct and

characteristic temperature dependence for fission from the plasma membrane (8).

It is not known whether coated pits mediating ligand-induced endocytosis of other classes

of signaling receptor also differ in functional properties, or whether this difference is

observed in cells expressing signaling receptors at native levels. In addition, the

physiological role of these specialized coated pits is not understood. We have addressed

these questions by examining ligand-induced endocytosis of the EGFR, a prototypic
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receptor tyrosine kinase expressed endogenously at low levels in HEK293 cells. Our

results indicate that coated pits containing ligand-activated EGFRs, like those containing

activated GPCRs, differ significantly in functional properties from coated pits mediating

constitutive endocytosis. This difference is observed using native receptors and is

manifest at an intermediate stage of coated pit formation, which appears to be specifically

required for receptor-mediated activation of MAP kinase. Thus we propose that diverse

classes of signaling receptor undergo ligand-induced endocytosis by a functionally

specialized subpopulation of clathrin-coated pits involved in mitogenic signal

transduction.
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EXPERIMENTAL PROCEDURES

Cell culture

Human embryonal kidney 293 cells (ATCC) were cultured in Dulbecco's modified

Eagle's medium supplemented with 10% fetal bovine serum. (University of California,

San Francisco Cell Culture Facility)

Fluorescence microscopy

HEK293 cells were plated on poly-L-lysine (Sigma) coated coverslips and serum starved

for 30 mins at 37°C. Cells were chilled on ice, washed twice with ice-cold PBS, and

incubated with 4 pig■ ml biotinylated epidermal growth factor complexed to streptavidin

Texas Red (EGF-Texas Red) and 100 pg/ml transferrin-fluorescein isothiocyanate (Tfn

FITC) (Molecular Probes) in serum free media supplemented with 30 mM hepes, pH 7.4

for 30 mins at 4°C, 16°,C or 37°C. Following this incubation, cells were washed twice

with ice-cold PBS, immediately fixed with 3.7% formaldehyde in PBS for 10 mins, and

quenched with 3 washes of TBS + 1 mM CaCl2. Conventional fluorescence microscopy

was performed using a Nikon 60X NA1.4 objective and epifluorescence optics.

For co-localization experiments, coverslips incubated with EGF-Texas Red for 30 mins at

16°C (as described above), were fixed and then quenched with TBS + 1 mM CaCl2.

Specimens were permeabilized with 0.1 % Triton X-100 (Sigma) in Blotto (3% dry milk

in TBS + 1 mM CaCl2) and incubated with 5 pig■ ml hudy-1 (anti-dynamin antibody;

Upstate Biotechnology) in Blotto for 30 mins. Cells were then incubated with flourescein
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isothiocyanate conjugated donkey anti-mouse secondary antibody (1:500 dilution;

Jackson ImmunoResearch) for 30 mins to detect antibody labeled dynamin, and

specimens were viewed by conventional fluorescence microscopy.

Biochemical analysis of receptor endocytosis

HEK293 cells were grown in 6 cm dishes and serum starved overnight. To biotinylate

cell surface proteins, cells were washed twice with ice cold PBS and biotinylated with

300 pg/ml sulfo-NHS-S-S-biotin (Pierce Chemical Co.) in PBS for 30 mins at 4°C.

Unreacted biotin was quenched and removed by 3 washes with ice cold TBS at 4°C.

Biotinylated cells were then transferred to prewarmed media (37°C or 16°C) with 50

ng/ml EGF (Calbiochem) for 30 mins to assay endocytosis. Cells were again chilled on

ice to stop membrane trafficking, and biotin attached to proteins still remaining on the

cell surface was cleaved by washing cells twice at 4°C with glutathione strip buffer (50

mM glutathione, 75 mM NaCl, 75 mM NaOH, 10% FBS in H.O). To quench residual

glutathione and cap free sulfhydryl groups, cells were washed twice for 15 mins at 4°C

with iodoacetamide buffer (50 mM iodoacetamide, 1% BSA in PBS, pH 7.4). Cells were

then extracted with TX-100 extraction buffer (0.5% (v/v) TX-100, 10 mM Tris-HCl pH

7.5, 120 mM NaCl, 25 mM KCl, 1 plg/ml leupeptin, 1 plg/ml, pepstatin, 2 pg/ml

aprotinin, 2 pg/ml PMSF, and 1 mg/ml iodoacetamide), and extracts were clarified by

centrifugation in a microcentrifuge (12,000 x g for 10 minutes) prior to

immunoprecipitation of receptors.
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EGFRs or TfnFs were immunoprecipitated from cell extracts using -0.6 pg/ml anti

EGFR polyclonal antibody (EGFR-15; Santa Cruz Biotechnology) or -0.8 pg/ml B3/25

monoclonal antibody (Boehringer Mannheim), respectively, and 25 pil of protein A

Sepharose beads (Pharmacia Biotech). B3/25 immunoprecipitations required the addition

of ~ 16 pg/ml rabbit anti-mouse linker antibody since this antibody subtype (IgG) does

not bind to protein A beads with high efficiency. Immunoprecipitations were spun

through a 1M sucrose cushion in HSB (0.1% SDS, 0.5% TX-100, 20 mM Tris-HCl, pH

7.5, 120 mM NaCl, 25 mM KCl) and washed sequentially with 1M NaCl in HSB and low

salt wash buffer (10 mM Tris-HCl, pH 7.5). Washed beads were extracted with SDS

sample buffer and, eluted proteins were resolved by SDS-PAGE under non-reducing

conditions. Resolved proteins were transferred to nitrocellulose membranes (Micron

Separations, Inc.) and blocked for 30 mins in Blotto (5% dry milk, 0.1% Tween-20 in

TBS). Biotinylated proteins were then complexed with HRP by incubating membranes

with VectaStain ABC detection system (Vector Laboratories) and biotinylated proteins

were detected using enzyme-linked chemiluminescence (ECL; Amersham). Band

intensities were quantitated by densitometry of films exposed in the linear range, imaged

using a CCD camera and analyzed using NIH Image software.

Determination of EGFR and Shc activation

HEK293 cells were serum starved overnight and incubated with prewarmed media (16°C

or 37°C) +/- 50 ng/ml EGF for 30 mins at 16°C or 37°C. Cell lysates were prepared as

described above. Phosphorylated proteins were immunoprecipitated using 0.5 ug/ml of
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an anti-phosphotyrosine antibody (4G10; Upstate Biotechnology) and 25 pil of protein A

Sepharose beads. Washed beads were extracted with SDS sample buffer, and eluted

proteins were resolved by SDS-PAGE under reducing conditions for EGFR

immunoprecipitations and under non-reducing conditions for Shc immunoprecipitations.

Proteins were transferred onto nitrocellose membranes and blotted for EGFR and Shc

using 200 ug/ml anti-EGFR antibody (EGFR-15) and 1 ug/ml anti-Shc antibody (Santa

Cruz Biotechnology), followed by 1:1000 HRP conjugated goat anti-rabbit secondary

antibody (Jackson ImmunoResearch) and ECL detection. Band intensities were

quantitated by densitometry of films exposed in the linear range.

Determination of MAP kinase activation

HEK293 cells were serum starved overnight and treated with 50 ng/ml of EGF in media

for 5 mins at 16°C or 37°C. Cells were lysed with TX-100 extraction buffer plus 80 mM

■ :-glycerol phosphate, 50 mM NaF, and 0.1 mM Na3VO4, and extracts were clarified by

centrifugation. Approximately 170 ug of lysates were resolved by SDS-PAGE and

transferred onto nitrocellulose membranes. Activated MAP kinase was detected by

immunoblotting with 2 ng/ml of phospho-p44/42 MAP kinase antibody or MAP kinase

antibody (New England Biolabs) followed by 1:1000 HRP conjugated goat anti-rabbit

secondary antibody and ECL detection. Signal intensities were quantitated by

densitometry.
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RESULTS

Ligand-induced endocytosis of native EGFRS is strongly and specifically inhibited at

16°C

Endocytosis of EGFRs and Tfnks was examined by fluorescence microscopy using

Texas Red-conjugated epidermal growth factor (EGF-Texas Red) and fluorescein

isothiocyanate-conjugated transferrin (Tfn-FITC). Both ligands were rapidly translocated

from the plasma membrane to numerous vesicles located throughout the cytoplasm at

37°C, indicating that EGFRs and T■ nRs undergo rapid endocytosis at this temperature

(Figure 1 A, panels a and d). This process was strongly inhibited by mild hypertonicity

or overexpression of K44E dominant negative mutant dynamin (not shown), confirming

that both EGFRs and T■ nRs are endocytosed by clathrin-coated pits in these cells (9-11).

While endocytosis of both receptors was blocked in cells incubated at 4°C (Figure 1 A,

panels b and e), examination of cells incubated at intermediate temperatures suggested

that EGFRs and TfnRs differ significantly in their temperature dependence for

endocytosis. In particular, receptor-mediated endocytosis of EGF-Texas Red was

undetectable at 16°C (Figure 1 A, panel c), while receptor-mediated endocytosis of Tfn

FITC was readily observed in the same cells (Figure 1 A, panel f).

These observations were confirmed using a biochemical assay of receptor endocytosis in

which internalization of surface-biotinylated receptors was determined by resistance to

reduction by extracellular glutathione. Surface-biotinylated EGFRs and TfnRs were

readily detectable in cells not exposed to glutathione, representing the total pool of
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biotinylated receptors present in the plasma membrane (Figure 1 B, total). Surface

biotinylated receptors were cleaved quantitatively following incubation of cells at 4°C in

the presence of EGF, indicating that endocytosis of both EGFRs and TfnRs was blocked

at this temperature (Figure 1 B, 4°C). However, in cells incubated at 37°C, pronounced

internalization of both EGFRs and TfnRs was detected by the appearance of a strong

glutathione-resistant signal in receptor immunoprecipitates (Figure 1 B, 37°C).

Interestingly, as suggested by the ligand uptake assays, internalization of EGFRs was

completely blocked in cells incubated at 16°C while internalization of TfnRs in the same

cells was readily detectable and only partially inhibited at this temperature (Figure 1 B,

16°C). Quantitation of internalization data by scanning densitometry of streptavidin

overlays confirmed that ligand-induced internalization of EGFRs was specifically and

completely (>95%) blocked at 16°C, while transferrin receptor endocytosis was partially

inhibited (~2-fold) at this temperature (Figure 1 C). Ligand-induced endocytosis of

native EGFRs was also completely blocked at 16°C in A431 cells, which express

endogenous EGFRs at much (>10-fold) higher levels than HEK293 cells (data not

shown), supporting the generality of these observations to other cell types, even those

that express native receptors at much higher levels.

In principle, the selective blockade of EGFR endocytosis observed at 16°C could reflect

an inability of receptors to be activated by EGF at this temperature. To address this

question, ligand-induced phosphorylation of EGFRs was compared in HEK293 cells

incubated at 37°C and 16°C. Tyrosine-phosphorylated proteins were immunoprecipitated
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Figure 1. Endocytosis of EGFRs and T■ nRs observed by fluorescence microscopy and

biochemical assay of receptor endocytosis. A. 293 cells were incubated in the presence

of EGF-Texas Red and Tfn-FITC at 4°C, 16°C, or 37°C to follow the endocytosis of

EGFRs and TfnRs, respectively. The endocytosis of EGFRs and T■ nRs was completely

blocked at 4°C (b and e, respectively), but upon incubation at 37°C, both receptors were

endocytosed into numerous endocytic vesicles (a and d). EGFR internalization was

blocked when cells were incubated at 16°C (c), whereas Tfnks were still able to undergo

endocytosis (f). B. 293 cells were surface biotinylated and internalized receptors were

assayed by their resistance to extracellular cleavage of biotin groups after treatment with

50 ng/ml of EGF. Incubation of cells in the absence of cleavage represented the total

pool of biotinylated surface EGFRs and TfnRs (Total lanes). No internalized EGFRs or

TfnRs were detected if cells were incubated at 4°C (4°C lanes), but at 37°C, both

receptors were endocytosed, as represented by the protected receptor signal (37°C lanes).

However, at 16°C, only internalized TfnRs were detected, and internalized EGFRs were

not observed (16°C lanes). C. The extent of receptor internalization was quantitated by

densitometric scans of band signals. All values were normalized to the 37°C value,

where the amount of internalized receptors at 37°C equals 100%.
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Figure 1
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from equal aliquots of cell lysates using an anti-phosphotyrosine (4G10) antibody,

resolved by SDS PAGE and immunoblotted using EGFR-specific antibody to detect

tyrosine-phosphorylated EGFRs. Ligand-induced phosphorylation of EGFRs was

strongly stimulated both at 37°C and at 16°C (Figure 2 A). Quantitation of these data by

scanning densitometry indicated that ligand-induced phosphorylation of receptors

observed at 16°C was significantly greater than that observed at 37°C (Figure 2 B). Thus

EGFRs are strongly activated under the conditions used in the endocytosis assays,

indicating that the specific inhibition of receptor endocytosis observed at 16°C is not a

consequence of inefficient receptor activation.

Activated EGFRS concentrate in a subpopulation of clathrin-coated pits which associate

with dynamin but fail to undergo dynamin-dependent membrane fission at 16°C

To determine whether ligand-activated EGFRs redistribute in the plasma membrane and

associate with clathrin-coated pits at 16°C, as they do at 37°C (12), the membrane

localization of receptors activated with EGF-Texas Red was visualized by fluorescence

microscopy. Ligand-activated EGFRs were observed in numerous small puncta at the

cell periphery (see Figure 3). These puncta were completely eluted by acid washing of

intact cells, confirming that they represent clusters of receptor present in the plasma

membrane (rather than intracellular vesicles). Many of these puncta colocalized with

clathrin and AP2 immunoreactivity (not shown), suggesting further that these structures

represent clathrin-coated pits. Consistent with this hypothesis, many of these puncta also

colocalized with dynamin (Figure 3, panels a and b), a mechanochemical GTPase that
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mediates endocytic membrane fission of clathrin-coated pits (13,14). Examination at

higher magnification confirmed this colocalization (Figure 3, panel c and d, an example

of a colocalized puncta is indicated by arrow). This observation also suggests that coated

pits containing activated EGFRs are blocked at 16°C at an intermediate stage of

maturation, after the concentration of activated receptors and membrane association of

dynamin (15). In addition, numerous dynamin-associated puncta were observed in the

plasma membrane that did not contain detectable amounts of labeled EGFRs (e.g.,

arrowhead in Figure 3, panel d). These observations suggest that activated, natively

expressed EGFRs concentrate in a limited subpopulation of clathrin-coated pits, as

demonstrated previously for G protein-coupled receptors expressed in transfected cells

(8).

Temperature-dependent inhibition of EGFR endocytosis changes the selectivity of

receptor-mediated signal transduction via distinct effectors

EGFRs regulate a number of intracellular effectors via distinct downstream signaling

pathways. Overexpression of dominant-negative mutant dynamin has been shown

previously to specifically inhibit EGFR-mediated signaling via phosphorylation of

MAPK without inhibiting other pathways such as via phosphorylation of Shc (11). To

examine whether these actions on signal transduction are mediated specifically by

endocytosis of coated pits containing activated signaling receptors, EGFR-mediated

signal transduction via MAPK and Shc was assayed in HEK293 cells expressing native

receptors and dynamin at endogenous levels. Activation of EGFRs at 37°C caused
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Figure 2: Determination of EGFR activation. Cells were serum starved overnight before

incubation in the absence or presence of 50 ng/ml EGF. Tyrosine phosphorylated

proteins were immunoprecipitated, and phosphorylated EGFRs were detected by western

blotting with an EGFR specific antibody. A. In the absence of EGF, phosphorylated

EGFRs were undetectable both at 37°C and 16°C. But in the presence of EGF,

pronounced receptor phosphorylation was observed at both temperatures. B.

Quantitation of receptor signals by densitometry revealed that EGF-induced receptor

phosphorylation at 16°C was greater than that observed at 37°C. All values were

normalized to the 37°C value, where EGF-induced phosphorylation at 37°C equals 100%.

Figure 3: Visualization of EGFR and dynamin distribution by fluorescence microscopy.

Cells incubated with EGF-Texas Red at 16°C, to label EGFRs, were fixed and stained

with an anti-dynamin antibody. EGFRs and dynamin were observed in discrete puncta

on the plasma membrane (a and b, respectively). Many of the EGFR puncta (c) were co

localized with dynamin (d) in the magnified image of the boxed area (an example is

represented by an arrow in panels c and d). In addition, many dynamin puncta were also

present that did not co-localize with EGFRs (arrowhead in panel d).
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Figure 3
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pronounced phosphorylation of MAPK, as indicated by immunoblotting using an

antibody specifically recognizing the dual-phosphorylated, activated form of MAPK

(Figure 4 A, top panel, 37°C). EGFR-mediated phosphorylation of MAPK was

completely abolished in cells incubated at 16°C (Figure 4 A, top panel, 16°C), even

though EGFRs are strongly activated at this temperature (Figure 2). Immunoblotting

using an antibody recognizing both phosphorylated and dephosphorylated forms of

MAPK indicated that this protein was present in equal amounts at both temperatures

(Figure 4A, lower panel). The extent of MAPK phosphorylation was quantitated by

densitometric scanning of immunoblots and confirmed the -95% inhibition of MAPK

phosphorylation at 16°C (Figure 4 B).

In contrast to the nearly complete inhibition of MAPK phosphorylation observed at 16°C,

assay of the same cell lysates using a phosphotyrosine-specific antibody indicated that

EGFR-mediated signaling via phosphorylation of Shc was not inhibited and was, in fact,

somewhat enhanced at this temperature (Figure 4 C). Quantitation of these observations

by scanning densitometry confirmed that EGF-induced Shc phosphorylation was readily

detectable and not inhibited at 16°C (Figure 4 D). This effect on the specificity of EGFR

mediated signal transduction is closely similar to that observed at 37°C in cells

expressing dominant-negative mutant dynamin, where strong inhibition of MAPK

signaling and enhanced Shc phosphorylation were also observed (11), suggesting an

essential role of dynamin-dependent endocytosis of this subpopulation of clathrin-coated

pits in mitogenic signal transduction.
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Figure 4: Selective effects of EGF-mediated signal transduction. A. Lysates prepared

from cells treated with EGF for 5 minutes at 16°C or 37°C were resolved by SDS-PAGE

and blotted for the phosphorylated, activated form of MAPK. At 37°C, both the p42 and

p44 forms of MAPK were strongly phosphorylated, indicating activation of MAPK.

However, at 16°C, neither form of phosphorylated MAPK was detectable (top panel).

Blotting with a phosphorylation independent MAPK antibody revealed that equal

amounts of protein were expressed at both temperatures (lower panel). B. The extent of

MAPK phosphorylation was quantitated by densitometric scanning of band signals (p42

form). Data was normalized to the 37°C value, where the amount of phosphorylated

MAPK at 37°C equals 100%. C. Cells were treated with EGF at 16°C or 37°C, and

tyrosine phosphorylated proteins were immunoprecipitated. To detect activated,

phosphorylated Shc, immunoprecipitates were resolved by SDS-PAGE and blotted with

an anti-Shc antibody. At both 16°C and 37°C, EGF stimulated phosphorylation of Shc

was observed. D. Shc phosphorylation was quantitated by densitometry, revealing that

Shc phosphorylation is slightly higher at 16°C than at 37°C. Data was normalized to the

37°C value, where the Shc phosphorylation at 37°C equals 100%.
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Figure 4
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DISCUSSION

We conclude that ligand-induced endocytosis of native EGFRs is mediated by a distinct

subpopulation of clathrin-coated pits whose membrane fission is selectively blocked at

16°C. Thus endocytosis by distinct coated pits, as observed initially with GPCRs

expressed in transfected cells, appears to be a general property of signal-transducing

receptors even when natively expressed at endogenous levels. As both EGFRs and

TfnRS are type I membrane proteins with similar molecular mass, it is unlikely that the

significantly different temperature dependence for endocytosis of EGFRs and TfnRs is

caused by temperature-dependent changes in lateral mobility of receptors, which might

be expected in the case of polytopic GPCRs. Indeed, the present observation that coated

pits containing concentrated EGFRs form and associate with dynamin at 16°C suggests

that the rate-limiting step for endocytosis of signaling receptors at this temperature is at a

significantly later stage of coated pit maturation, after receptor clustering and membrane

association of dynamin but before dynamin-mediated fission of endocytic membranes.

The ability of transferrin receptors to continue to undergo constitutive endocytosis in the

same cells in which ligand-induced endocytosis of activated EGFRs was completely

blocked suggests that compositionally distinct subpopulations of coated pits exist in the

plasma membrane under these conditions. Our immunocytochemical studies support this

hypothesis, as demonstrated previously for GPCRs (8). Interestingly, previous electron

microscopic studies also suggested the possibility that compositionally distinct clathrin

coated pits exist in the plasma membrane (12,16). While it was not possible in these
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earlier studies to demonstrate functional differences among individual coated pits, these

studies further support the generality of this type of molecular heterogeneity in the

plasma membrane, and raise the question of how this compositional heterogeneity among

morphologically similar clathrin-coated pits is generated.

We speculated previously that [-arrestin, which interacts directly with clathrin and

associates exclusively with coated pits containing activated GPCRs, may regulate the

functional properties of these specific coated pits and thereby innuence the observed

difference in temperature dependence for membrane fission (8). If this is true, one would

predict that other protein(s) mediate a similar function for coated pits containing activated

receptor-tyrosine kinases, as ■ y-arrestin is not known to interact with these receptors and

does not associate with EGFR-containing coated pits in the absence of activated GPCRs

(not shown). In the case of the EGFR, Eps 15 has been shown to interact with the

receptor and the clathrin coat structure, both directly (17) and via additional protein

interaction(s) (18). Therefore it is tempting to speculate that a variety of receptor-specific

interacting proteins, perhaps including ■ -arrestin and Eps 15, may function not only in

promoting endocytosis of signaling receptors by clathrin-coated pits but also in regulating

the endocytosis of these coated pits in a receptor-dependent manner.

Interestingly, the selective inhibition of coated pits containing activated EGFRs at 16°C

caused a closely similar effect on receptor-mediated signal transduction as dominant

negative mutant dynamin (which blocks endocytosis of all coated pits). Specifically,
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EGFR mediated activation of MAPK at 16°C was completely blocked, even though

receptors were strongly activated and still able to signal through SHC phosphorylation at

this temperature. Similarly, beta-2 adrenergic receptor mediated activation of MAPK was

also completely and specifically blocked at 16°C (data not shown). This selective

inhibition, which was observed both for natively expressed EGFRs as well as for an

overexpressed GPCR, suggests a specialized physiological role of this subpopulation of

coated pits in mitogenic signal transduction. Further studies will be necessary to

elucidate specific biochemical mechanisms that regulate the endocytosis of individual

subpopulations of clathrin-coated pits, mediate the observed compositional selectivity

among individual coated pits, and interact with mitogenic signaling cascade(s). The

present studies make a significant advance in this area by establishing that this

remarkable heterogeneity in the early endocytic pathway is a rather general phenomenon,

observed with diverse classes of signaling receptor even when expressed at native levels.
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CHAPTER 4

A kinase-regulated PDZ-domain interaction controls

endocytic sorting of the 32-adrenergic receptor

(Reprinted by permission from Nature 401(6750):286-290

copyright 1999 Macmillan Magazines Ltd.)
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SUMMARY

A fundamental question in cell biology is how membrane proteins are sorted in the

endocytic pathway. The sorting of internalized £2-adrenergic receptors between

recycling endosomes and lysosomes is responsible for opposite effects on signal

transduction and is regulated by physiological stimuli 12. Here we describe a

mechanism that controls this sorting operation, which is mediated by a family of

conserved protein interaction modules called PDZ domains 3. The phosphoprotein

EBP50 (for ezrin-radixin-moesin (ERM)-binding phosphoprotein 50) 4 binds to the

cytoplasmic tail of the £2-adrenergic receptor through a PDZ domain and to the cortical

actin cytoskeleton through an ERM-binding domain. Disrupting the interaction of

EBP50 with either domain or depolymerization of the actin cytoskeleton itself causes

missorting of endocytosed [32-adrenergic receptors but does not affect the recycling of

transferrin receptors. A serine residue at position 411 in the tail of the [2-adrenergic

receptor is a substrate for phosphorylation by GRK-5 (for G protein-coupled-receptor

kinase-5) 5, and is required for interaction with EBP50 and for proper recycling of the

receptor. Our results identify a new role for PDZ-domain-mediated protein interactions

and for the actin cytoskeleton in endocytic sorting, and suggest a mechanism by which

GRK-mediated phosphorylation could regulate membrane trafficking of G-protein

coupled receptors after endocytosis.
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RESULTS

Surface-biotinylated B2ARs expressed in 293 cells exhibited no detectable degradation

when incubated in the presence of the agonist isoproterenol for 4 hours (Figure 1 a,

B2AR), consistent with the rapid and efficient recycling of internalized B2ARs to the

plasma membrane in this cell type 6,7. However, truncation of the distal portion of the

cytoplasmic tail caused pronounced, ligand-induced degradation (Figure 1 a, B2AR

trunc). Addition of various residues to the full-length tail, including a single alanine

residue (B2AR-ala) also caused ligand-induced degradation. The tº for ligand-induced

degradation of the wildtype receptor protein was >9 hours. In contrast, all mutations of

the distal B2AR tail caused ligand-induced degradation that was nearly complete (> 75%)

within 4 hours (Figure 1 b).

To examine the role of the distal tail on B2AR trafficking, the membrane trafficking of

antibody-labeled receptors 6 was visualized by fluorescence microscopy. Both the

wildtype B2AR and B2AR-ala endocytosed rapidly following activation by isoproterenol,

as indicated by the translocation of antibody-labeled receptors from the plasma

membrane to endocytic vesicles (Figure 2 a, panels a and e). After removal of agonist,

wildtype B2AR recycled efficiently to the plasma membrane (Figure 2 a, panels b - d.)

while B2AR-ala did not (Figure 2 a, panel f-h). Quantitation by biotinylation (Figure 2

b) and flow cytometry (not shown) confirmed that wildtype B2ARs recycled efficiently

within -30 minutes after agonist removal, while recycling of B2AR-ala was significantly

(~50%) inhibited.
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Figure 1 [2-AR mutants are degraded. a, Mutation of the B2AR cytoplasmic tail

results in receptor degradation. The biotinylation assay of receptor degradation was used

to compare agonist-induced degradation of wildtype B2AR (B2AR), C-terminal

truncation (B2AR-trunc) or addition (B2AR-EE and B2AR-ala) mutations. b,

Quantitation of receptor degradation by densitometric scanning of streptavidin overlays.

Bars indicate mean biotinylated receptor protein recovered four hours after biotinylation.

Error bars represent S.D.

Figure 2 Missorting of mutant [2-ARs to lysosomes. a, Recycling of B2AR-ala is

inhibited. Agonist-internalized B2ARs present in endocytic vesicles (panel a) returned to

the plasma membrane following agonist removal (panels b-d) while internalized B2AR

ala (panel e) remained in endocytic vesicles (panels f-h). b, Inefficient recycling of

B2AR-ala recycling measured by a biotinylation recycling assay. Efficient recycling of

wildtype B2AR (e) but not B2AR-ala (O) was observed by glutathione-resistance. c,

Lysosomal degradation of B2AR-ala. Degradation of biotinylated B2AR-ala was

significantly inhibited in cells treated with leupeptin (Leu), chloroquine (CQ), or NH,Cl.

Error bars represent S.D.
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Figure 1
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Figure 2
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Many vesicles containing internalized B2AR-ala colocalized with membrane markers of

late endosomes and lysosomes by confocal microscopy (not shown). The lysosomotropic

agents chloroquine and NH4Cl, as well as the lysosomal protease inhibitor leupeptin,

significantly inhibited the agonist-induced degradation of B2AR-ala (Figure 2 c). These

results indicate that mutation of the distal cytoplasmic tail inhibits efficient recycling and

causes missorting of internalized receptors to lysosomes.

To identify candidate proteins involved in this sorting operation, we searched for proteins

that bind to the cytoplasmic tail of the wildtype B2AR but not to B2AR-ala. A major

immunoreactive protein present in HEK293 cell lysates that bound specifically to the

wildtype B2AR tail was EBP50, as identified using an antibody recognizing members of

the EBP50/NHERF/E3KARP protein family 4 (Figure 3 a). EBP50 is a human homolog

of rabbit NHERF 8 and a relative of E3KARP 9. NHERF is a Na'/H' exchanger

regulatory factor 89 that functions in B2AR-mediated signal transduction at the plasma

membrane 10 NHERF and E3KARP have been shown previously to bind to the

cytoplasmic tail of the B2AR via an amino-terminal PDZ domain 11. We confirmed by

affinity chromatography that the homologous PDZ domain from EBP50 bound to the

cytoplasmic tail of the B2AR but not B2AR-ala (not shown). Endogenous EBP50

coimmunoprecipitated with full-length but not mutant B2ARs, suggesting that this

protein interaction occurs in vivo (Figure 3 b).

68



EBP50 can link membrane proteins with the cortical actin cytoskeleton via association

with ERM proteins * If such a linker function is required for endocytic sorting of the

B2AR, disruption of the EBP50-ERM interaction may have a similar effect on sorting of

the wildtype B2AR as disruption of the B2AR-EBP50 interaction caused by mutation of

the receptor tail. We constructed a truncated mutant form of EBP50 (EBP50A) that is

missing the ERM binding domain 12 but retains the PDZ domain required for specific

interaction with the B2AR. This was confirmed by affinity chromatography

demonstrating binding of EBP50A to the cytoplasmic tail of the wildtype B2AR but not

the B2AR-ala (not shown). Overexpression of EBP50A in stably transfected cells caused

missorting and enhanced lysosomal degradation of the full-length wildtype B2AR after

agonist stimulation (Figure 3 c). Overexpression of the wildtype EBP50 protein at

similar levels (determined by immunoblotting) caused a much smaller effect on B2AR

degradation (Figure 3 c). In contrast, neither EBP50A nor overexpressed wildtype

EBP50 affected the recycling of TfnRs analyzed in the same cell extracts (not shown).

These results indicate that the proper sorting of internalized B2ARs requires EBP50 to

interact, via distinct domains, with both the B2AR cytoplasmic tail and ERM proteins.

Interaction with ERM-family proteins links EBP50 to the cortical actin cytoskeleton 4.

suggesting that the actin cytoskeleton may play an essential role in endocytic sorting of

the B2AR. To test this hypothesis, endocytic sorting of wildtype B2AR was examined in

cells pretreated with latrunculin B, which depolymerizes actin 13. Latrunculin B

dramatically inhibited recycling of wildtype B2ARs and caused internalized receptors to
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redistribute to perinuclear compartments (Figure 3 d, panels a -d). This manipulation

specifically disrupted efficient recycling of B2ARs without causing detectable effects on

recycling of TfnRs observed in the same cells (indicated by the complete disappearance

of labeled transferrin from endocytic structures and dissociation of apo-transferrin) 14

(Figure 3 d, panels e – h), even though both receptors recycle via a similar membrane

pathway 7. Efficient recycling of TfnRs in the absence of an intact actin cytoskeleton has

been shown in previous studies 13,15. These results suggest that EBP50, ERM proteins, ****

and the actin cytoskeleton play a specialized function in the endocytic sorting of a subset ...
~ *
!

of membrane proteins. …
*****

**.
-*

Serine 411 in the -2 position of the PDZ-binding domain (DSLL) of the B2AR tail is a -:

potential site of regulatory phosphorylation by GRKs 5. GRKs are a family of protein
º

kinases that phosphorylate ligand-activated B2ARs and play a key role in rapid ~s
**

* *
desensitization of receptors by promoting receptor-G protein uncoupling 16 and …”

--->
º

endocytosis of receptors by clathrin-coated pits 17. Ser411 is phosphorylated in vitro by *** -º-

GRK5 but not GRK2, even though other residues in the cytoplasmic tail are

phosphorylated by both kinases * and both kinases can promote uncoupling and

endocytosis of the B2AR 18. While the in vivo substrate specificities of GRK2 and

GRK5 have not been established, precedent from studies of GRK 1-mediated

phosphorylation of rhodopsin suggest similar kinase specificity in vitro and in vivo 5, 19.
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Figure 3 Role of EBP50 and actin in 32-AR sorting. a, EBP50 binds to the wildtype

B2AR cytoplasmic tail. Binding of EBP50 from HEK293 extracts to wildtype but not

B2AR-ala tail fusion proteins. b. EBP50 associates with B2AR in vivo. Anti-FLAG

immunoprecipitates from untransfected 293 cells (293) and cells expressing FLAG

tagged B2ARs (B2AR) or mutant B2AR (B2AR-EE) were immunoblotted with anti

EBP50. c, Disrupting EBP50-ERM interaction increases B2AR degradation. Biotin

degradation assay of wildtype B2ARs in cells expressing native EBP50 (control) or

overexpressing truncated EBP50 (EBP50A) or wildtype protein (WT EBP50). Error bars

represent S.E. (n > 4) d, The actin cytoskeleton is required for B2AR recycling.

Latrunculin B treatment inhibited recycling of B2ARs (panels a-d) but not recycling of

TfnRs (panels e-h).

ºº:º:
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As 293 cells express relatively high levels of GRK2 18 but no detectable GRK 520, we

examined the effects of overexpressing GRK 5 on B2AR trafficking. Recycling of

wildtype B2AR was inhibited in transfected cells overexpressing GRK 5 but not in

adjacent nontransfected cells (Figure 4 a). In contrast, overexpression of GRK2 did not

cause a detectable effect on B2AR recycling (Figure 4 b).

Replacing Ser411 with an acidic residue may mimic the effects of protein

phosphorylation and disrupts PDZ-mediated protein interaction with NHERF and

E3KARP (NHERF-2) ||. Substitution of Ser411 with aspartic acid (S411D) blocked

interaction of the B2AR tail with EBP50 (Figure 4 c) and caused inefficient recycling and

ligand-induced degradation of receptors (Figure 4 d). While acidic substitution of Ser411

does not necessarily mimic the effects of protein phosphorylation, crystallographic and

mutational studies indicate that PDZ-mediated protein interactions involve hydrogen

bonding with the free hydroxyl group at the -2 position 21:22. Consistent with this,

alanine mutation of Ser411 also blocked EBP50 interaction with the B2AR tail and

caused missorting of mutant receptors to lysosomes (not shown). Taken together, these

results indicate that Ser411 is critical for B2AR interaction with EBP50 and suggest that

GRK-mediated phosphorylation may disrupt this interaction and thereby regulate the

sorting of internalized B2ARs.
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Figure 4 Regulation of 32-AR sorting by GRK-5. a, GRK 5 inhibits recycling of

B2ARs. Residual antibody-labeled B2ARs (green) were observed following agonist

removal in endocytic vesicles of transiently transfected cells overexpressing GRK 5 (red)

but not adjacent cells not expressing GRK 5. b, Efficient recycling of antibody-labeled

B2ARs (green) was observed in cells overexpressing GRK2 (red). Lines superimposed

on red images indicate cell borders. c, S41 1D mutation disrupts B2AR-EBP50

interaction. EBP50 bound specifically to GST fusion proteins containing cytoplasmic

tails from wildtype B2AR but not B2AR-ala or -S.41 1D. d, Agonist-induced degradation

of biotinylated B2AR-S41 1D.
****
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DISCUSSION

We conclude that sorting of internalized B2ARs between recycling and degradative

endocytic pathways is controlled by a protein interaction involving the distal carboxyl

terminal cytoplasmic domain of the B2AR. We propose that this sorting operation is

mediated by PDZ-mediated interaction of the B2AR with EBP50/NHERF family

proteins. This sorting function also involves EBP50 interaction with ERM proteins and

an intact actin cytoskeleton, suggesting that EBP50 links B2ARs to the actin

cytoskeleton. The efficient recycling of TfnRs observed under conditions which inhibit

recycling of B2ARs suggests that the PDZ-mediated sorting mechanism functions

specifically in controlling the membrane trafficking of certain signaling receptors, in

contrast to the constitutive recycling of many other membrane proteins (including the

T■ nR) that occurs by "default" membrane flow 23. The present observations provide

evidence for a role of PDZ domains and the cortical cytoskeleton in regulating the sorting

of receptors after endocytosis. In addition, our studies suggest a new functional role of

specific GRK isoform(s) in regulating the membrane trafficking of GPCRs after

endocytosis. Recycling of internalized B2ARs back to the plasma membrane promotes

dephosphorylation and functional resensitization of receptors, while sorting of

internalized receptors to lysosomes promotes down-regulation of receptors and long-term

desensitization of receptor-mediated signal transduction 2. Thus the sorting mechanism

identified in the present study may play a fundamental role in the physiological

regulation of signal transduction.
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METHODS

cDNA constructs. N-terminally tagged (HA and FLAG) human B2AR were constructed

as previously described 7. B2AR-trunc was constructed by removing the coding

sequence for the carboxyl-terminal 48 residues. B2AR-EE was constructed by appending

cDNA encoding the Glu-Glu epitope to the 3' end of the full-length B2AR coding

sequence. B2AR-ala and S41 1D were constructed using the Quick-Change mutagenesis

kit (Stratagene). Wildtype EBP50 (accession #AF015926) was C-terminally HA-tagged,

and EBP50A was generated by replacing the terminal 61 residues with an HA epitope.

All cDNAs were cloned into pcDNA 3.0 (Invitrogen) and verified by dideoxynucleotide

sequencing.

Cell culture. Human embryonal kidney 293 cells were passaged and stably transfected

as described 7. Cells transiently expressing GRK2 or GRK 5 (gifts from Dr. Jeffrey

Benovic) were analyzed 48 hours after transfection.

Degradation of biotinylated receptors. Cells were surface biotinylated 24 with 300

pg/ml sulfo-NHS-biotin (Pierce), left at 4°C to determine total biotinylated proteins, or

incubated +/- 10 pm isoproterenol (RBI) for 4 hours. Immunoprecipitation and detection

of biotinylated receptors were performed as described 24. Studies using lysosomal

inhibitors (100 pg/ml leupeptin (Sigma), 200 piM chloroquine (Sigma), or 50 mM NH,Cl

(Fisher Scientific)) were performed by 90 minute preincubation before biotinylation, and

inhibitors were present during all subsequent manipulations.

º
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Immunofluorescence recycling assay. HA-tagged B2AR were surface labeled with 30

pg/ml HA.11 antibody and cells were incubated with 10 piM isoproterenol for 15 minutes

to drive agonist-induced internalization. Residual agonist and antibody was removed,

coverslips were immediately fixed (to determine total internalized receptors) or incubated

with the antagonist alprenolol (100 piM; Sigma) for 15, 30, or 60 minutes at 37°C prior to

fixation and processing for fluorescence microscopy 24. GRK2 and 5 were detected in

permeabilized specimens using 0.8 mg/ml rabbit anti-GRK serum (Santa Cruz

Biotechnology).

For receptor recycling experiments in the presence of latrunculin B (Alexis Corporation),

cells were labeled with HA.11 and 10 pg/ml transferrin Texas Red (to label transferrin

receptors). Following endocytosis (induced as above), cells were incubated at 4°C with

10 pg/ml latrunculin B for 1 hour, washed with PBS, warmed to 37°C and subjected to

recycling conditions (as described above) in the presence of 200 pg/ml unlabeled

holotransferrin (Sigma).

Recycling of biotinylated receptors. Cells were preincubated with 100 pg/ml leupeptin

for 90 minutes before biotinylation with sulfo-NHS-S-S-biotin 24. Leupeptin was

included in all subsequent steps to inhibit lysosomal proteolysis of internalized receptors.

Cells were incubated with 10 p.M isoproterenol for 15 minutes to drive endocytosis of

biotinylated receptors, then agonist was washed away and cells were incubated with 100

pM alprenolol for 0, 5, 15, 30, or 60 minutes to block additional endocytosis and allow
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internalized receptors to recycle. Surface associated biotin was cleaved quantitatively by

treatment of intact cells with glutathione and residual biotinylated (internalized) receptors

were detected as described 24.

Affinity chromatography and western blotting. HEK293 cells were lysed (50 mM

Tris, pH 7.4, 1 mM EDTA, and protease inhibitors), homogenized, and spun at 30K x g

for 15 minutes. The supernatant was solubilized with 1% CHAPS and 150 mM NaCl

(final concentration) and re-spun. Extracts were incubated with GST fusion proteins

containing wildtype (last 84 residues) or mutant B2ARs cytoplasmic tails as described

26. Beads were washed with the lysis buffer including 1% CHAPS and 150 mM NaCl.

Membranes were probed with a rabbit polyclonal antibody (B61) recognizing

EBP50/NHERF/E3KARP 4 family members. Binding of "S-methionine labeled full

length EBP50 to receptor tails was performed as previously described 26.

Coimmunoprecipitation. Cells expressing comparable levels of B2ARs were treated

with dithiobis(succinimidylpropionate) (DSP) (Pierce) essentially as described 27, and

FLAG-tagged B2ARs were immunoprecipitated with M2-agarose (Sigma). The

immunoprecipitates were washed 12 without reducing agents, and bound proteins were

extracted in SDS sample buffer with 100 mM DTT and 200 mM B-ME.
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CHAPTER 5

A transplantable endocytic recycling signal

for G protein-coupled receptors ---
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SUMMARY

The sorting of many endocytosed membrane receptors to their proper destinations occurs

within the endosomal system. Although the detailed mechanisms underlying receptor

Sorting remain unclear, endocytic sorting signals present on receptor cytoplasmic

domains are important (1). Our recent studies have identified a PDZ-mediated sorting

signal present at the C-terminus of the beta-2 adrenergic receptor (B2AR) which is

important in targeting endocytosed B2ARs towards a recycling pathway (2). To

determine the generality of this sorting signal, we transplanted the PDZ binding domain

of the B2AR onto the delta opioid receptor (DOR), which is normally targeted to the

lysosomes for degradation. Here we show that the PDZ-mediated sorting signal is

sufficient to impede the lysosomal degradation of internalized DORs and to promote the

targeting of these receptors towards a recycling pathway.

INTRODUCTION

Many membrane proteins and extracellular ligands enter the cell by receptor-mediated

endocytosis. In this process, receptors are concentrated in clathrin-coated pits of the

plasma membrane before being endocytosed by a dynamin-dependent mechanism.

Following uncoating, vesicles fuse with the endosomal system, where receptor-ligand

complexes are dissociated, and the cargo is sorted to its appropriate destination (1,3,4).

However, the mechanisms underlying the sorting of many membrane proteins remain

unclear.

º
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Sorting signals present on the cytoplasmic domain of receptors are important in

delivering these proteins to their proper locations. Tyrosine based motifs have been

implicated in targeting endocytosed TGN38 and Lamp-1 and 2 to the TGN and lysosome,

respectively (5-7). Expression of truncated transferrin receptors (lacking the cytoplasmic

tail) in CHO cells did not affect the proper recycling of these mutant receptors,

suggesting that recycling may occur through a default pathway in these cells (8-10).

However, mutational studies of the transferrin receptor in neurons, a highly polarized cell

type, identified a cytoplasmic signal involved in the proper recycling of internalized

transferrin receptors to dendrites (11). Thus, while sorting signals are important, the

mechanism by which these signals are recognized and how signal-bearing proteins are

properly sorted remain largely unknown.

We have recently identified a novel sorting signal involved in the efficient recycling of

beta-2 adrenergic receptors (B2ARs), a member of the G protein-coupled receptor

(GPCR) family of proteins. A PDZ (PSD-95, discs large, zona occludens-1) (12) binding

domain present at the very carboxyl-terminus of the B2AR is required for interaction

with ezrin-radixin-moesin (ERM) binding phosphoprotein 50 (EBP50) family members

(13-15). EBP50 family proteins function as linkers between membrane proteins and the

actin cytoskeleton via their association with ERM proteins (15,16). Disruption of the

PDZ binding results in missorting of internalized B2ARs from a recycling pathway to a

degradative pathway (2).
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To determine if this PDZ-mediated sorting signal is sufficient to target internalized

GPCRs towards a recycling pathway, we transplanted the sequence DSLL (the PDZ

binding domain of the B2AR) onto the very C-terminus of the delta opioid receptor

(DOR). The Dor (another GPCR) internalizes in an agonist-dependent manner, but

unlike the B2AR, is rapidly targeted to the lysosomes for degradation (Tsao and von

Zastrow, submitted manuscript). Here we show that appending the PDZ binding domain

onto the DOR (DOR-DSLL) impairs the normal lysosomal degradation of internalized

receptors, suggesting that this sorting signal is sufficient to influence the endocytic

trafficking of GPCRs. DOR-DSLL is recycled to the plasma membrane, consistent with

the diminished agonist-induced degradation observed. Furthermore, DOR-DSLL is

capable of binding to EBP50 via the first PDZ domain. Thus, we have identified a

transplantable PDZ binding domain that is sufficient to influence the endocytic

trafficking of GPCRs towards a recycling pathway. -
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EXPERIMENTAL PROCEDURES

cDNA constructs and cell culture

N-terminally HA and FLAG-tagged DORs were generated as previously described (17).

FLAG-tagged DOR-DSLL was made by adding sequences encoding DSLL at the 3’ end

of the receptor cDNA followed by a stop codon. This was constructed by

oligonucleotide-directed mutagenesis using the polymerase chain reaction (Vent

polymerase, New England Biolabs). EBP50-PDZ1 (residues 1-125) was generated by

truncating the full length protein, removing the second PDZ domain. All cDNAs were

cloned into pcDNA 3.0 or 3.1 (Invitrogen). Human embryonal kidney (HEK) 293 cells

(ATCC) were grown in Dulbecco's modified Eagle's media supplemented with 10% fetal

bovine serum (UCSF Cell Culture Facility). Stably transfected cells were generated by

calcium phosphate precipitation and selected in 200 pig■ ml geneticin (Life Technologies,

Inc.) and 40 pg/ml zeocin (Invitrogen).

Degradation of surface biotinylated receptors

Cells were grown on poly-L-lysine (Sigma) coated 6 cm dishes, and cell surface receptors

were biotinylated with 300 pg/ml sulfo-NHS-biotin (Pierce Chemical Co.) in PBS, pH

7.4 at 4°C for 30 minutes. Unreacted sulfo-NHS-biotin was quenched by 3 washes with

ice-cold TBS. One dish was left at 4°C to determine total surface biotinylated proteins,

and the others were incubated with media in the absence or presence 10 puM etorphine at

37°C for 1, 2 or 4 hours. Cells were then washed 3 times with PBS and extracted with

TX-100 extraction buffer (0.5% (v/v) TX-100, 10 mM Tris-HCl, pH 7.5, 120 mM NaCl,
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25 mM KCl, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 2 pg/ml aprotinin, 2 pg/ml PMSF).

Extracts were clarified by centrifugation in a microcentrifuge (12K x g for 10 minutes)

prior to immunoprecipitation of receptors.

Receptors were immunoprecipitated from cell extracts using -3pg of HA.11 or M2

(BAbCo) and 30 pil of protein A Sepharose beads (Pharmacia Biotech)
-

Immunoprecipitations required the addition of ~6pg of rabbit anti-mouse linker antibody

since this antibody subtype (IgG) does not bind to protein A Sepharose beads with high

efficiency. Immunoprecipitates were spun through a 1 M sucrose cushion in HSB (0.1%

SDS, 0.5% TX-100, 20 mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM NaCl, 25 mM

KCI) and washed sequentially with 1 M NaCl in HSB and low salt wash buffer (10 mM

Tris-HCl, pH 7.5). Washed beads were extracted with SDS sample buffer and eluted

proteins were resolved by SDS-PAGE. Resolved proteins were transferred to

nitrocellulose membranes (Micron Separations, Inc.) and blocked for 30 minutes in

Blotto (5% dry milk, 0.1% Tween-20 in TBS). Biotinylated proteins were complexed

with HRP by incubating membranes with VectaStain ABC detection system (Vector

Laboratories) and detected using ECL (Amersham Life Sciences). Band intensities were

quantitated by densitometry of films exposed in the linear range.

Biochemical analysis of receptor endocytosis using cleavable biotin

Cells were grown in 6 cm dishes, washed twice with ice cold PBS, and biotinylated with 300

pg/ml sulfo-NHS-S-S-biotin (Pierce Chemical Co.) in PBS for 30 mins at 4°C. Unreacted
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biotin was quenched and removed by 3 washes with ice cold TBS at 4°C. Biotinylated cells

were then transferred to 37°C in the presence of 10 p.Metorphine for 20 mins to assay

endocytosis. Cells were chilled on ice, and biotin attached to proteins still remaining on the cell

surface was cleaved by washing cells twice at 4°C with glutathione strip buffer (50 mM

glutathione, 75 mM NaCl, 75 mM NaOH, 10% FBS in H,O). Cells were then washed for 20

mins at 4°C with iodoacetamide buffer (50 mM iodoacetamide, 1% BSA in PBS, 7.4) to quench

residual glutathione and cap free sulfhydryl groups present on proteins. Cells were extracted

and receptors immunoprecipitated as described above, except under non-reducing conditions.

Receptor recycling by immunofluorescence microscopy

Cells were grown on poly-L-lysine coated coverslips and incubated with 30 pg/M1

antibody (BAbCo) and 10 puMetorphine at 37°C for 15 minutes to drive internalization.

Coverslips were then washed with ice-cold PBS to remove residual agonist and either

immediately fixed, to determine total internalized receptors, or incubated with media

containing 100 puM naloxone (a DOR antagonist that prevents any further activation or

endocytosis of the receptor) for 15, 30, or 60 minutes at 37°C. Cells were immediately

fixed in 4% formaldehyde in PBS, pH 7.4 for 10 minutes and then quenched with 3

washes of TBS + 1 mM CaCl, Specimens were permeabilized with 0.1% TX-100 in

Blotto (3% dry milk + 1 mM CaCl,) and incubated with 1:1000 FITC-donkey anti-mouse

IgG (Jackson ImmunoResearch). Conventional fluorescence microscopy was performed

using a Nikon 60X NA1.4 objective.
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Examination of receptor endocytosis by fluorescence microscopy

Cells grown on coverslips were incubated with 1:100 M1 anti-FLAG antibody (Kodak IBI) and

HA.11 anti-HA antibody at 37°C for 20 min +/- 10 puMetorphine. Following this incubation,

cells were fixed and stained with 1:1000 rabbit anti-mouse IgG2b (to label M1 antibody)

followed by 1:1000 FITC-goat anti-mouse IgG1 (Boehringer Mannheim) to label HA antibody

and 1: 1000 Texas Red-donkey anti-rabbit.

Affinity chromatography

GST-fusion proteins containing the cytoplasmic tails of the B2AR (last 84 residues),

DOR (last 59 residues), and DOR-DSLL were purified from E.coli and coupled to

glutathione-agarose (Sigma) in STE buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1

mM EDTA and 1 M DTT). "S-methionine labeled EBP50-PDZ1 was generated by in

vitro transcription and translation using the TNT T7 Coupled Reticulocyte Lysate

System (Promega). GST-fusion proteins were blocked with 10 mg/ml ovalbumin

(Sigma) in wash buffer (20 mM Hepes, 7.4, 100 mM NaCl, 2 mM MgCl2, 0.1% Triton X

100) for 30 minutes and incubated with labeled EBP50-PDZ1 for 60 minutes. GST

fusion proteins were washed 3 times with 1.0 ml wash buffer, eluted with sample buffer,

and resolved by SDS-PAGE. Gels were soaked in Amplify (Amersham Life Sciences)

and bound EBP50-PDZ1 was detected by autoradiography.
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RESULTS

Appending DSLL to the C-terminus of the DOR impairs its degradation

DORs are endocytosed following agonist stimulation and are trafficked to the lysosomes

for degradation (Tsao and von Zastrow, submitted manuscript). To determine if the

endocytic sorting of internalized DORs could be altered by the addition of the PDZ

binding domain (DSLL) to the very carboxyl-terminus, we generated a stable cell line

expressing DOR-DSLL. Surface biotinylated receptors were incubated in the presence or

absence of the opioid agonist etorphine for 1, 2 or 4 hours. Wildtype DORs underwent

rapid agonist-induced degradation (Figure 1 A, DOR), with an estimated tip of s 1 hour

(Figure 1 B, o]. In contrast, the rapid agonist-induced degradation of DOR-DSLL was

impaired (Figure 1 A, DOR-DSLL), although not completely inhibited. The degradation

of DOR-DSLL had an estimated tº of ~2 hours (Figure 1 B, *), about twice the half-life

of wildtype DORs. Thus, transplanting the PDZ binding domain required for efficient

recycling of B2ARs onto DORs can delay their normal degradation following

endocytosis.

Wildtype DOR and DOR-DSLL are endocytosed to a similar extent

To rule out the possibility that the difference in agonist-induced degradation of DOR

DSLL was due to an inhibition of endocytosis, we measured the extent of stimulated

internalization using a biochemical assay. Cells were reversibly biotinylated at 4°C and

incubated in the presence of etorphine for 20 minutes to drive receptor endocytosis.

Biotin remaining on the cell surface was cleaved with membrane-impermeant reducing
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agent, thus internalized biotinylated proteins are resistant to cleavage. To determine the

amount of total cell surface receptors, biotinylated cells were left at 4°C in the absence of

agonist (Figure 1 C, Uncleaved). The lack of signal from receptor immunoprecipitations

from biotinylated cells subjected to cleavage at 4°C indicates that biotin could be cleaved

quantitatively (Figure 1 C, Cleaved). Both wildtype DOR and DOR-DSLL were

endocytosed to a comparable extent, with ~ 65% of cell surface receptors internalized

following agonist treatment (Figure 1 C).

DOR-DSLL recycles to the plasma membrane

To determine where the difference in the endocytic sorting of DOR and DOR-DSLL may

be acting, we examined the intracellular movement of internalized receptors. Cell surface

receptors were labeled with antibody and allowed to internalize for 15 minutes in the

presence of agonist. The subsequent movement of internalized receptors was monitored

by immunofluoresence microscopy after removing residual agonist. Following

stimulation, DORs are internalized into numerous endocytic vesicles (Figure 2, panel a).

After agonist removal, DORs are still found within endocytic vesicles, indicating that a

large fraction of these receptors are not recycled back to the plasma (Figure 2, panels b

d). In contrast, a significant portion of internalized DOR-DSLL (Figure 2, panel e) is

recycled back to the cell surface, as indicated by the plasma membrane staining and loss

of vesicular staining (Figure 2, panels f-h). Thus, the apparent difference in the agonist

induced degradation of the DOR and DOR-DSLL is most likely due to the increased
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Figure 1: The agonist-induced degradation of DOR-DSLL is impaired. Cells expressing

wildtype DORs or DOR-DSLL were surface biotinylated and treated with etorphine (eto)

for 1, 2, or 4 hours. Receptors were immunoprecipitated and detected by streptavidin

overlays. A. Wildtype DORs undergo rapid agonist-induced degradation while the

degradation of DOR-DSLL is significantly impaired. B. Quantitation of biotinylated

receptors was determined by densitometric scans of signals exposed in the linear range.

The estimated half-life of DOR is s 1 hour while that of DOR-DSLL is > 2 hours. C.

Cells were reversibly biotinylated and treated with etorphine for 20 minutes to drive

endocytosis. Remaining surface biotin was then cleaved by membrane-impermeant

reducing agent. Uncleaved lanes represent total biotinylated receptors, and the efficient

cleavage by glutathione is represented by the cleaved lanes. Wildtype and DSLL-mutant

DORs are both endocytosed to comparable levels.

Figure 2: DOR-DSLL is recycled back to the cell surface. Cells were incubated with M1

antibody to label DOR or DOR-DSLL (both FLAG-tagged) and treated with etorphine

for 15 minutes. Residual agonist was removed and cells were incubated with the

antagonist naloxone (to prevent any further receptor activation or endocytosis) for 15, 30,

or 60 minutes. DORs are internalized into numerous vesicles following agonist treatment

(a) and internalized receptors remain within intracellular vesicles even after agonist

removal (b-d). In contrast, endocytosed DOR-DSLL (e) is recycled back to the plasma

membrane following agonist removal (f-h).
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recycling of DOR-DSLL, suggesting that the PDZ binding domain can act as a

transplantable endocytic recycling signal.

DOR and DOR-DSLL are endocytosed into common endocytic compartments

We noticed that the tip for receptor degradation varied slightly in different stable cell

lines. To more definitively examine the contrasting agonist-induced degradation of DOR

and DOR-DSLL and to avoid making comparisons between different cell lines, we

generated a stable cell line coexpressing both forms of ne receptor. To first examine if

both DOR (HA-tagged) and DOR-DSLL (FLAG-tagged) are endocytosed in the presence

of agonist when coexpressed, cell surface receptors were labeled with the appropriate

antibodies and incubated in the presence or absence of agonist for 20 minutes to drive

internalization. As expected, DOR and DOR-DSLL were not endocytosed in the absence

of agonist, as indicated by the prominent plasma membrane staining and lack of vesicular

labeling (Figure 3, panels a and b, respectively). In the presence of agonist, the

endocytosis of antibody-labeled receptors was readily detected by immunofluorescence

microscopy. Both DOR and DOR-DSLL colocalized within the same endocytic vesicles

(Figure 3, panels c and d, respectively), indicating that at least early after endocytosis,

both receptors are internalized into a common endosomal pathway.
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Figure 3: DOR and DOR-DSLL coexpressed in the same cell are endocytosed together.

Stable cell lines coexpressing HA-DOR and FLAG-DOR-DSLL were labeled with the

appropriate antibodies against the extracellular epitopes and incubated +/-etorphine for

15 minutes. In the absence of etorphine, neither HA-DOR (a) nor FLAG-DOR-DSLL (b)

is endocytosed, as indicated by the plasma membrane staining. Following agonist

treatment, both HA-DOR (c) and FLAG-DOR-DSLL (d) are endocytosed into the same

early endosomes.
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Only the agonist-induced degradation of DOR-DSLL is impaired when DOR and DOR

DSLL are coexpressed in the same cell

We next examined if the differential agonist-induced degradation of DOR and DOR

DSLL is also observed when both receptor forms are coexpressed. Similar to that seen

when each is expressed individually, DORs underwent rapid agonist-induced degradation

(Figure 4 A, HA-DOR). In contrast, the agonist-induced degradation of DOR-DSLL was

impaired (Figure 4 A, FLAG-DOR-DSLL). The estimated tº of receptor degradation

was ~ 1 hour for DOR and ~ 3 hours for DOR-DSLL (Figure 4 B).

DOR-DSLL binds to EBP50

Appending DSLL to the DOR impaired its rapid degradation following endocytosis. To

determine if the addition of this domain also allows DORs to bind to the first PDZ

domain of EBP50 (the PDZ domain which binds to the B2AR tail), we prepared GST

fusion proteins containing the cytoplasmic tails of the B2AR, DOR, and DOR-DSLL. As

expected, in vitro transcribed and translated EBP50-PDZ1 bound strongly to the B2AR

tail (Figure 5 A, GST-B2AR) and bound weakly to the DOR tail (Figure 5 A, GST

DOR). However, EBP50 bound to GST-DOR-DSLL to a greater extent than it did GST

DOR, although not as well as it did to the B2AR tail (Figure 5 A, GST-DOR-DSLL).

Quantitation of the amount of EBP50-PDZl bound to each fusion protein was determined

using a phosphoimager. DOR-DSLL bound EBP50-PDZ1 about half as well as the

B2AR tail, while the DOR tail bound about a tenth as well (Figure 5 B).
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Figure 4: The agonist-induced degradation of DOR-DSLL, but not DOR is impaired

when both are coexpressed. Stable cell lines coexpressing HA-DOR and FLAG-DOR

DSLL were surface biotinylated and incubated with agonist for 1, 2, or 4 hours.

Receptors were detected by immunoprecipitation following streptavidin overlays. A.

Similar to what is observed with DOR is expressed individually, HA-DOR also

undergoes agonist-induced degradation. In contrast, the degradation of DOR-DSLL

following endocytosis is impaired. B. Quantitation of receptor signals reveals that the

estimated half-life of HA-DOR is ~ 1 hour and > 2 hours for FLAG-DOR-DSLL.

Figure 5: DOR-DSLL binds to the first PDZ domain of EBP50. GST fusion proteins

containing the cytoplasmic tails of the B2AR, DOR, and DOR-DSLL were generated and

incubated with in vitro transcribed and translated EBP50-PDZ1. A. EBP50–PDZ1 bound

strongly to GST-B2AR and weakly to GST-DOR. The addition of DSLL to the

cytoplasmic tail of the DOR increases the binding to EBP50-PDZ1. B. The amount of

bound EBP50-PDZ1 was quantitated using a phosphoimager and normalized to the

amount bound to the B2AR. DOR-DSLL bound half as well as the B2AR tail to EBP50

PDZ1 while DOR bound only a tenth as well.
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Figure 4
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Figure 5
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DISCUSSION

In the present study, we have demonstrated that transplanting a PDZ-mediated sorting

signal onto the DOR is sufficient to divert internalized receptors towards a recycling

pathway. In contrast to wildtype DORs, internalized DOR-DSLL is not rapidly targeted

to the lysosomes for degradation, but can recycle to the plasma membrane. This

differential trafficking of wildtype and DSLL-mutant receptors is also observed when

both are coexpressed in the same cell. DOR-DSLL can bind to the first PDZ domain of

EBP50, suggesting that this protein interaction is involved in directing internalized

receptors towards a recycling pathway.

Many lines of evidence support the model that the recycling of internalized membrane

proteins occurs through a default pathway. The fluorescent phospholipid C6-NBD-SM,

used to label endocytic membranes, is efficiently recycled back to the plasma membrane,

supporting the hypothesis that endocytic membrane trafficking to the cell surface occurs

by default (18). Additionally, truncating the cytoplasmic domain of the transferrin

receptor does not affect its recycling in fibroblasts, indicating that at least for these

receptors, sorting signals may not be required to mediate recycling (8-10).

However, recent studies using fluorescent phospholipids with different chemical

properties have demonstrated that not all endocytosed labeled phospholipids are recycled

to the plasma membrane, implying that not all membranes return to the cell surface by a

default pathway (19). Furthermore, the efficient recycling of some internalized
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membrane proteins is dependent upon sorting signals (1,20). The recycling of

internalized transferrin receptors to dendrites in neurons is dependent on a sorting signal

present at its cytoplasmic domain (11). Additionally, in the present study, we have

demonstrated that a PDZ-mediated sorting signal on the B2AR is sufficient to promote

recycling of the DOR. Thus, whether recycling occurs through a default or active

pathway may vary depending on the cell type and membrane protein studied.

Appending DSLL, the PDZ binding domain required to interact with EBP50 family

proteins (13-15), onto the DOR is sufficient to recycle these receptors. We have shown

that disrupting actin or the interaction between B2ARs and EBP50 family members

inhibits efficient recycling of B2ARs, while transferrin receptors recycle normally under

these conditions (2). These observations indicate that the endocytic sorting of B2ARs

may occur through a specialized membrane pathway. Thus, DOR-DSLL, through its

interaction with EBP50 family proteins, may be routed along this specialized membrane *

pathway leading to the plasma membrane. .
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CHAPTER 6

Oligomerization of beta 2-adrenergic receptors

influences their endocytic sorting
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SUMMARY

Oligomerization of G protein-coupled receptors (GPCRs) has been shown to be important

in receptor-mediated signal transduction at the plasma membrane (1-7). However,

evidence for a role of oligomerization in the endocytic sorting of internalized receptors

has not been well established. Wildtype beta-2 adrenergic receptors (B2ARs) are

efficiently recycled back to the plasma membrane following endocytosis (8). However, a

mutant form of the B2AR is trafficked to the lysosomes for degradation (9). Using cell

lines coexpressing wildtype and mutant forms of B2ARs, we show that homo-oligomers

between these two forms of the receptor can divert wildtype B2ARs towards a

degradative pathway. These results implicate a role for oligomerization in sorting

internalized B2ARs and suggest that receptor oligomerization may provide a mechanism

by which receptors can modulate their membrane trafficking pathways.

INTRODUCTION

Dimerization or oligomerization has been shown to play an important role in receptor

mediated signaling by G protein-coupled receptors (GPCRs). Several studies have shown

that mutant GPCRs, which are defective in agonist-induced signaling when expressed

individually, can be functionally rescued when mutant receptors are expressed together in

the same cell membrane (1,2,4,5). Additionally, beta-2 adrenergic receptors (B2ARs)

can form homodimers that are important in receptor-mediated activation of adenylyl

cyclase and receptor desensitization, supporting a functional role of dimerization in signal

transduction (3,4). Furthermore, a recent study has implicated heterodimerization

| 10
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between subtypes of opioid receptors in producing a novel receptor species with distinct

ligand binding and signaling properties (7). Thus, intermolecular interactions between

GPCRs may be important in modulating the functional properties of receptor-mediated

signaling events.

As well as initiating signal transduction, agonist activation of GPCRs, such as the B2AR,

also results in receptor phosphorylation and association with arrestins, which are

important in desensitizing and internalizing activated receptors (10,11). Agonist

stimulated B2ARs are endocytosed by clathrin coated pits into endosomes where

desensitized receptors are functionally resensitized through dephosphorylation before

returning to the cell surface (12-14). We have previously described a mutant B2AR that

is missorted to the lysosomes for degradation following agonist-induced endocytosis.

The missorting of mutant B2ARs is due to disruption of the PDZ binding domain present

at the carboxyl-terminus of the receptor, which is required for interaction with ezrin

radixin-moesin binding phosphoprotein 50 (EBP50) family proteins (15-17). Internalized

mutant B2ARs that do not bind to EBP50 family proteins are redirected from a recycling

pathway towards a degradative pathway (9).

While oligomerization of GPCRs has been shown to be important in receptor-mediated

signaling, a role for oligomerization in other aspects of receptor regulation has not been

extensively studied. Though it has been postulated that monomerization of delta-opioid

receptor dimers may be necessary for endocytosis of activated receptors (6), a role for

11 |
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oligomerization in the membrane sorting of GPCRs following endocytosis has not been

described. In this study, we address the role of oligomerization in influencing the

endocytic sorting of B2ARs. We show that in cells coexpressing wildtype and mutant

B2ARs, wildtype receptors are missorted to the lysosomes for degradation. Furthermore,

wildtype and mutant B2ARs can be found in oligomeric complexes, implicating a role for

oligomerization in controlling the endocytic fate of internalized B2ARs.

| 12



----------- -

ºs------- * *
*** º
--------- * * *********".

*
--ºrrºr-º-º- -'a

--
º-, * - * *

**** * --
-- -sº------" "

*** *-* -



EXPERIMENTAL PROCEDURES

cDNA constructs and cell culture

N-terminally HA and FLAG-tagged wildtype or HA-tagged mutant B2ARs and HA

tagged DORs were generated as previously described (8,18). All receptor cDNAs were

cloned into pcDNA 3.0 or 3.1 (Invitrogen). Human embryonal kidney (HEK) 293 cells

(ATCC) were grown in Dulbecco's modified Eagle's media supplemented with 10% fetal

bovine serum (UCSF Cell Culture Facility). Stably transfected cells expressing B2ARs

and/or DORs were generated by calcium phosphate precipitation and selected in 200

pig■ ml geneticin (Life Technologies, Inc.) and/or 40 pug/ml zeocin (Invitrogen).

Degradation of surface biotinylated receptors

Cells were grown on poly-L-lysine (Sigma) coated 6 cm dishes, and cell surface receptors º
were biotinylated with 300 pg/ml sulfo-NHS-biotin (Pierce Chemical Co.) in PBS, pH s

º
7.4 at 4°C for 30 minutes. Unreacted sulfo-NHS-biotin was quenched by 3 washes with

-

ice-cold TBS. One dish was left at 4°C to determine total surface biotinylated proteins,

and the others were incubated with media in the absence or presence of 10 p.M º
isoproterenol (RBI) (and 10 puM etorphine for cells expressing DORs) at 37°C for 4 º i`.

hours. Cells were then washed 3 times with PBS and extracted with TX-100 extraction L

buffer (0.5% (v/v) TX-100, 10 mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM KCI, 1 º
pg/ml leupeptin, 1 plg/ml pepstatin, 2 pg/ml aprotinin, 2 pg/ml PMSF). Extracts were ■ º
clarified by centrifugation in a microcentrifuge (12K x g for 10 minutes) prior to ■ º

immunoprecipitation of receptors.

| 13



Receptors were immunoprecipitated from cell extracts using -3pig of HA.11 or M2

(BAbCo) and 30 pil of protein A Sepharose beads (Pharmacia Biotech)

Immunoprecipitations required the addition of ~6p1g of rabbit anti-mouse linker antibody

since this antibody subtype (IgG1) does not bind to protein A Sepharose beads with high

efficiency. Immunoprecipitates were spun through a 1 M sucrose cushion in HSB (0.1%

SDS, 0.5% TX-100, 20 mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM NaCl, 25 mM

KCl) and washed sequentially with 1 M NaCl in HSB and low salt wash buffer (10 mM

Tris-HCl, pH 7.5). Washed beads were extracted with SDS sample buffer and eluted

proteins were resolved by SDS-PAGE. Resolved proteins were transferred to

nitrocellulose membranes (Micron Separations, Inc.) and blocked for 30 minutes in

Blotto (5% dry milk, 0.1% Tween-20 in TBS). Biotinylated proteins were complexed

with HRP by incubating membranes with VectaStain ABC detection system (Vector

Laboratories) and detected using ECL (Amersham Life Sciences). Band intensities were

quantitated by densitometry of films exposed in the linear range.

Receptor recycling by immunofluorescence microscopy

Cells were grown on poly-L-lysine coated coverslips and incubated with 30 pg/ml HA.11

(IgG) and M1 (IgG,) antibody (BAbCo) and 10 p.M isoproterenol at 37°C for 15 minutes

to drive internalization of B2ARs. Coverslips were then washed with ice-cold PBS to

remove residual agonist and either immediately fixed, to determine total internalized

receptors, or incubated with media containing 100 puM alprenolol (Sigma) (a B2AR

antagonist that prevents any further activation or endocytosis of the receptor) for 15, 30,

| 1.4



or 60 minutes at 37°C. Cells were immediately fixed in 4% formaldehyde in PBS, pH

7.4 for 10 minutes and then quenched with 3 washes of TBS + 1 mM CaCl, Specimens

were permeabilized with 0.1% TX-100 in Blotto (3% dry milk + 1 mM CaCl) and

incubated with 1:1000 rabbit anti-mouse IgG, antibody (Zymed). FITC-conjugated goat

anti-mouse IgG, (Boehringer Mannheim) was used to detect HA-tagged receptors and

TexasRed-conjugated goat anti-rabbit (1:500 dilution; Jackson ImmunoResearch) was

used to detect FLAG-tagged receptors. Conventional fluorescence microscopy was

performed using a Nikon 60X NA1.4 objective.

Coimmunoprecipitation of receptors

Cells were incubated in the absence or presence of 10 puM isoproterenol (and 10 puM

etorphine for cells expressing B2ARs and DORs) for 15 minutes at 37°C. Cells were

washed with PBS and extracted with 1.0 ml NDM buffer (0.3% n-dodecyl-[3-D-

maltoside, 100 mM NaCl, 10 mM Tris 7.4, 1 mM CaCl2, and protease inhibitors).

Extracts were clarified by centrifugation and receptors were immunoprecipitated with ~

0.3 pig HA.11 or M1 antibody and 30 pul protein A Sepharose. HA. 11

immunoprecipitations required the addition of ~ 0.4 pig rabbit anti-mouse linker antibody.

Immunoprecipitates were washed 5 times with 1.0 ml NDM buffer. Beads were eluted

with SDS sample buffer under non-reducing conditions (to avoid dissociating IgG chains)

and resolved by SDS-PAGE. Proteins were transferred to nitrocellulose and probed with

1:1000 HA.11, 1:1000 anti-B2AR polyclonal antibody (86) (8), or 1:1000 M1 followed

by 1:1000 goat anti-mouse or rabbit IgG and ECL detection.
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RESULTS

Wildtype B2ARS undergo ligand-induced degradation when co-expressed with mutant

B2ARs

Upon agonist stimulation, B2ARs are endocytosed by clathrin coated pits into early

endosomes and are efficiently recycled back to the plasma membrane (8,13). Consistent

with this, a negligible amount of surface biotinylated B2ARs was degraded in the absence

or presence of agonist after 4 hours (Figure 1 A, B2AR). This observation is in

agreement with the established long half-life of B2ARs (>9 hours) expressed in

HEK293 cells (19). We previously identified a PDZ-mediated sorting signal at the C

terminus of the B2AR which when disrupted, missorts internalized receptors to the

lysosomes for degradation (9). Mutation of the PDZ binding domain, by the addition of

an alanine residue to the C-terminus of the B2AR (B2AR-ala), results in ligand-induced

degradation of mutant receptors (Figure 1 A, B2AR-ala).

Recent studies have reported that dimerization of opioid receptors can influence their

endocytic trafficking (7). To determine the effects of coexpressing wildtype and mutant

B2ARs, which have different endocytic fates, a stable cell line expressing FLAG-tagged

wildtype B2ARs (FLAG-B2AR) and HA tagged mutant B2ARs (HA-B2AR-ala) was

generated. In these cells, both forms of the receptor are endocytosed to similar levels and

to an extent comparable to that observed when each receptor is expressed alone (data not

shown). However, coexpression of wildtype and mutant receptors did affect the

endocytic sorting of B2ARs. FLAG-B2AR, which are not degraded when expressed
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alone, underwent agonist-induced degradation when coexpressed with HA-B2AR-ala

(Figure 1 B).

Quantitation of receptor signals reveals that while s 5% of wildtype B2ARs (both FLAG

and HA-tagged versions) are degraded following agonist stimulation, 2.70% of B2AR-ala

are degraded (Figure 1 C) when each is expressed individually. In contrast, ~50% of

wildtype B2ARs and ~40% of B2AR-ala are degraded in the presence of agonist when

both are expressed together (Figure 1 C). Because wildtype B2ARs are recycled when

expressed alone, but undergo agonist-induced degradation when expressed with mutant

B2ARs, suggests that internalized receptors may exist in oligomeric complexes where

sorting signals within the oligomers may influence the trafficking pathway taken.

Recycling of wildtype B2ARS is inhibited when co-expressed with mutant B2ARS

The diversion of wildtype B2ARs towards a degradative pathway when coexpressed with

mutant receptors suggests that the proper recycling of both forms of the receptor is

inhibited. Indeed, we have previously shown that the efficient recycling of B2AR-ala is

significantly impaired, leading to lysosomal degradation of the receptors (9). To examine

if mutant receptors affect the recycling of wildtype B2ARs, we used an

immunofluorescence-based recycling assay that monitors the intracellular movement of

receptors following a pulse of endocytosis. In cells expressing wildtype B2ARS alone,

receptors are internalized into peripheral vesicles following a 15 minute pulse of

endocytosis (Figure 2 A, panel a). Following agonist removal, internalized wildtype
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Figure 1: Coexpression of mutant B2ARS affects ligand-induced degradation of wildtype

B2ARS. Cells were surface biotinylated and incubated in the absence or presence of

agonist for 4 hours. Degradation of receptors was determined by immunoprecipitation

and complexing to HRP-streptavidin followed by ECL detection. A. Wildtype B2ARs

(B2AR) are not appreciably degraded in the absence or presence of agonist. In contrast,

alanine mutant B2ARs (B2AR-ala) are rapidly degraded following agonist stimulation.

B. In cell lines coexpressing wildtype B2ARs (FLAG-B2AR) and alanine mutant B2ARs

(HA-B2AR-ala), FLAG-B2ARs undergo agonist-induced degradation along with HA

B2AR-ala. C. Quantitation of agonist-induced B2AR degradation was determined by

densitometric scans of films exposed in the linear range, indicating that s 5% of wildtype

B2ARs (either FLAG or HA epitope tagged) undergo agonist-induced degradation while

> 70% of alanine mutant receptors are degraded following agonist stimulation.

Approximately 50% of FLAG-B2AR m ~40% of HA-B2AR-ala are degraded when

coexpressed in the same cell.
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B2ARs are efficiently recycled back to the plasma membrane, as indicated by the loss of

intracellular vesicles and prominent staining of the plasma membrane (Figure 2 A, panels

b-d). In contrast, in cells coexpressing wildtype and mutant B2ARs, the efficient

recycling of both forms of the receptor is impaired. FLAG-B2ARs are endocytosed into

perinuclear vesicles following agonist stimulation, and a significant portion of the

internalized pool of receptors remains intracellular even after 60 minutes post-agonist

removal (Figure 2 B, panels a-d), indicating that receptor recycling is impaired. As

previously observed, the recycling of internalized HA-B2AR-ala is inhibited, with many

of the receptors still remaining within intracellular vesicles following agonist removal

(Figure 2 B, panels e-h). In addition, almost all of the intracellular FLAG-B2ARs

colocalized with HA-B2AR-ala, suggesting that these receptors are trafficked together,

possibly by virtue of a physical interaction between receptors.

FLAG-B2AR and HA-B2AR-ala exist in oligomeric complexes

Previous studies have shown that B2ARs can exist as dimers that are functionally

important in receptor-mediated signal transduction (3,4). To determine if wildtype and

mutant B2ARs can also exist in oligomeric complexes, we specifically

immunoprecipitated FLAG-B2AR or HA-B2AR-ala and probed for the presence of the

other receptor. HA-B2AR-ala could be specifically coimmunoprecipitated with FLAG

B2AR (Figure 3 A). Agonist treatment did not cause a detectable difference in the

amount of oligomers and no receptors were detected from control immunoprecipitations

(Figure 3 A). Conversely, FLAG-B2AR could be coimmunoprecipitated with HA
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Figure 2: Recycling of wildtype B2ARs is impaired when coexpressed with mutant

receptors. Cells expressing differentially epitope tagged B2ARs were incubated with the

appropriate primary antibodies to label cell surface receptors and treated with agonist for

15 minutes to drive endocytosis. Residual agonist was removed and the subsequent

movement of internalized receptors was monitored by immunofluorescence microscopy.

A. In cells expressing wildtype B2ARs alone, agonist stimulation induces the

endocytosis of receptors into peripheral endosomes (a). When agonist is removed,

internalized receptors are recycled back to the plasma membrane as denoted by the loss

of vesicular staining (b-d). B. In contrast, when wildtype B2ARs (FLAG-B2AR) are

coexpressed with alanine mutant B2ARs (HA-B2AR-ala), receptors are localized in

perinuclear compartments following endocytosis (a and e, respectively). After agonist

removal, the recycling of internalized FLAG-B2AR and HA-B2AR-ala is impaired, as

indicated by the persistence of vesicular staining, even after 60 minutes (panels b-d and f

h, respectively).

Figure 3: Wildtype and mutant B2ARs are found in oligomeric complexes. Wildtype

and mutant receptors were immunoprecipitated, and the presence of the other receptor

was detected by western blotting. A. HA-B2AR-ala can be coimmunoprecipitated with

FLAG-B2AR. B. Conversely, FLAG-B2AR can be coimmunoprecipitated with HA

B2AR-ala. These complexes are found both in the absence and presence of agonist, but

not in the control immunoprecipitation from HEK293 cells not expressing B2ARs.

B2ARs in the lysates are provided for reference.
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B2AR-ala (Figure 3 B). These results indicate that wildtype and mutant forms of B2ARs

can physically interact within the cell to form oligomeric complexes.

Formation of homo-oligomers affects endocytic trafficking of wildtype B2ARs

To determine the specificity of oligomerization and its effect on the endocytic trafficking

of B2ARs, we generated a stable cell line expressing wildtype FLAG-tagged B2ARs

(FLAG-B2AR) and HA-tagged delta opioid receptors (HA-DOR). DORs fall within

another class of G protein-coupled receptors that couple to G. (20). DORs dimerize

specifically with itself and with the kappa opioid receptor, and monomerization of DOR

dimers is necessary for receptor endocytosis (6,7). Unlike B2ARs, which are efficiently

recycled back to the plasma membrane after endocytosis, DORs are rapidly targeted to

the lysosomes for degradation (Tsao and von Zastrow, submitted manuscript). In

agreement with the demonstrated specificity of oligomerization, FLAG-B2ARs are not

coimmunoprecipitated with HA-DORs either in the absence or presence of agonist

(Figure 4 A), and conversely, HA-DORs do not coimmunoprecipitate with FLAG-B2ARs

(Figure 4 B).

Coexpression of HA-DOR and FLAG-B2AR did not affect the expected intracellular

trafficking of either receptor types. Agonist-induced degradation of surface biotinylated

FLAG-B2ARs was undetectable in cells expressing both B2ARs and DORs (Figure 4 C,

FLAG-B2AR). HA-DORs are rapidly degraded in the presence of agonist (Figure 4 C,

HA-DOR) when coexpressed with wildtype B2ARs, and do so to an extent comparable to
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that seen when these receptors are expressed alone (data not shown). Thus, coexpression

of GPCRs with different endocytic fates is not sufficient to affect the normal endocytic

trafficking of the receptors. However, if the coexpressed GPCRs can form oligomeric

complexes with one another, then the different sorting signals present on the receptors are

capable of influencing the endocytic trafficking of the complex. These results support the

idea that homo-oligomerization between B2ARs is necessary to influence the endocytic

fate of oligomerized receptors, and suggests that oligomerization may be an important

mechanism by which the endocytic trafficking of GPCRs can be modulated.

125



Figure 4: DORs do not form oligomers with B2ARS and coexpression has no effect on

the endocytic sorting of wildtype B2ARS. A. HA-DOR immunoprecipitated with O. HA

antibody was probed with O. FLAG antibody to detect FLAG-B2AR. No detectable

B2ARs were coimmunoprecipitated with DORs either in the absence or presence of

agonist or in control immunoprecipitates. B. Consistently, probing FLAG-B2AR

immunoprecipitates with O. HA did not detect any HA-DORs associated with B2ARs.

Receptors present in cell lysates are provided for reference. C. Cell lines coexpressing

wildtype B2ARs and DORs were surface biotinylated and receptor degradation was

determined as described in Experimental Procedures. In cells coexpressing both

receptors, wildtype B2ARs (FLAG-B2AR) are not degraded following agonist

stimulation, while wildtype DORs (HA-DOR) undergo normal agonist-induced

degradation.
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DISCUSSION

While the significance for oligomerization of GPCRs in signal transduction has been

established, less is known about the possible role for oligomerization in other aspects of

receptor regulation. In this study, we have ºmine a new role for oligomerization in

mediating the endocytic sorting of B2ARs. We have shown that B2ARs can be found in

oligomeric complexes, which can influence the membrane trafficking pathway that

receptors take within the cell. Coexpression of wildtype and mutant B2ARs, which are

trafficked to opposing membrane destinations, redirects the sorting of wildtype receptors

from a recycling pathway to a degradative pathway. Furthermore, homo-oligomerization

of B2ARs is necessary for this effect, as coexpression of wildtype B2ARs and DORs,

which are normally destined for lysosomal degradation, do not affect the typical

intracellular trafficking of either receptor. As would be expected with this finding,

B2ARs and DORs are not found in oligomeric complexes when coexpressed in the same

cell. Thus, physical association between B2ARs is important not only for receptor

mediated signal transduction at the plasma membrane, but also for modulating the

membrane sorting of internalized receptors.

We observed that coexpression of wildtype and mutant B2ARs diverts wildtype receptors

towards a degradative pathway and modestly affects the targeting of mutant receptors to a

recycling pathway. This biased sorting decision towards a degradative pathway could be

explained by a dominance of one sorting signal over another within the receptor

oligomers, suggesting that loss of EBP50 binding and hence missorting to the lysosomes
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is dominant over the usual mechanism involved in recycling receptors back to the plasma

membrane. If B2ARs exist as dimers following endocytosis, it would be predicted that

half of wildtype receptors would be shuttled towards the lysosome through dimerization

with a mutant receptor. As -70% of mutant receptors are trafficked to the lysosome,

~50% of wildtype receptors would be predicted to degrade, which is close to what was

observed. Alternatively, it is possible that B2ARs exist in higher-order oligomers

following endocytosis, in which case the relative numbers of wildtype to mutant

receptors within the oligomers would determine which membrane pathway prevails.

Thus, the ratio of receptors wim the oligomeric complexes may influence the balance of

opposing sorting signals affecting the membrane trafficking of these receptors. It will be

necessary in future studies to carefully examine the importance of relative receptor

numbers in these homo-oligomers to determine the mechanism behind the apparent

biased preference for the degradative pathway.

Studies on homo- and hetero-oligomerization of ErbB receptor tyrosine kinases have also

presented convincing evidence for a role of oligomerization in influencing the endocytic

sorting of these growth factor receptors. The postulated mechanism by which ErbB

oligomers are preferentially sorted from a lysosome-directed pathway to a recycling

pathway involves the differential ability of EGF to dissociate from the receptors in the

endosome (21). Whether a similar mechanism is involved in Sorting B2AR oligomers

has yet to be determined.
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In conclusion, our data provide evidence for an unappreciated role for receptor

oligomerization in endocytic sorting of B2ARs. As the membrane trafficking of B2ARs

plays an important role in regulating receptor function, oligomerization may be a

mechanism by which the cell can quickly modulate the relative number of responsive
receptors. Moreover, packaging internalized receptors in oligomeric complexes may be

needed to efficiently and effectively recycle B2ARs back to the plasma membrane.
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CHAPTER 7

Selective effects of SNARE proteins on lysosomal membrane

trafficking of the beta 2-adrenergic receptor
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SUMMARY

The endocytic trafficking of the beta 2-adrenergic receptor (B2AR) plays an important

role in regulating receptor-mediated signal transduction. While B2AR recycling appears

to be mediated by a similar membrane pathway as the transferrin receptor (TfnR) (1),

little is known about the membrane pathway that delivers internalized B2ARs to

lysosomes. Using an immunoisolation procedure to purify endocytic membranes

containing mutant B2ARs that are targeted to the lysosome (2), we present an initial

characterization of the SNARE composition of these membranes. A subset (VAMP 2,

cellubrevin, and syntaxin 3) of the SNARE proteins expressed in HEK293 cells are

specifically associated with endocytic membranes containing the mutant B2AR.

Overexpression of each of these SNAREs individually did not affect the endocytic

sorting of a wildtype B2AR, which recycles rapidly to the plasma membrane following

agonist-induced endocytosis. However, co expression of cellubrevin together with

syntaxin 3 strongly promoted lysosomal degradation of the wildtype receptor. This effect

was specific for cellubrevin and syntaxin 3 and was also specific for the B2AR, as

overexpression of cellubrevin and syntaxin 3 did not influence the endocytic sorting of

Tfnks examined in the same cells. These studies constitute the first biochemical

characterization of B2AR-containing endocytic membranes and suggest that a

biochemically specialized membrane pathway may mediate targeting of certain GPCRs to

lysosomes.
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INTRODUCTION

Many G protein-coupled receptors (GPCRs) are regulated by ligand-induced endocytosis.

Trafficking of internalized receptors via distinct recycling and degradative pathways

mediates differential effects on functional signal transduction (3-6), suggesting that

membrane sorting of internalized receptors plays a fundamental role in physiological

regulation. While the vesicular pathway mediating recycling of the beta 2-adrenergic

receptor (B2AR) to the plasma membrane appears to be similar to that mediating

recycling of membrane proteins such as the transferrin receptor (TfnR) (1), relatively

little is known about the membrane pathway that delivers internalized B2ARs to

lysosomes. Recent studies have identified a molecular sorting operation that controls the

endocytic sorting of B2ARs. Wildtype B2ARs are efficiently recycled to the plasma

membrane following ligand stimulation, but B2ARs with mutations in the PDZ binding

domain at the carboxyl terminus are targeted to lysosomes for proteolytic degradation (2).

SNARE proteins comprise a set of integral or lipid-anchored membrane proteins that play

a fundamental and highly conserved role in determining the biochemical specificity of

vesicular trafficking events (7–9). These proteins, initially classified as vesicle-associated

(v-) SNAREs or target membrane-associated (t-) SNAREs, have now been classified as

r-SNAREs or q-SNAREs, respectively. This new classification is based on conserved

Arginine or Glutamine residues present in their cytoplasmic helical domains (10).

SNARE proteins interact to form a heterotetrameric helical bundle at the cytoplasmic

surface of membranes that comprises a core component of the vesicular docking
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machinery. This structure contains three q-SNARE and one r-SNARE helices. SNAP-23

(or the neuron-specific isoform SNAP-25) contributes two of the q-SNARE helices. The

additional r- and q-SNARE helices are contributed, respectively, by distinct VAMPs and

syntaxins (11). While SNAP-23/25 is a common protein component present in the

SNARE bundle at many membrane sites (12-17), a wide variety of VAMPs and syntaxins

are expressed in mammalian cells and differ in subcellular localization (7,8,18).

Furthermore, while homologous VAMPs and syntaxins can substitute in SNARE

complexes formed in vitro (19,20), the in vivo function of these proteins appears to be

highly specific. This property allows VAMP and syntaxin isoforms to be used as

elemental markers distinguishing individual vesicle populations and membrane

trafficking pathways within the cell.

We have utilized this principle to investigate the membrane pathway mediating B2AR
trafficking to lysosomes in human embryonal kidney (HEK) 293 cells. In this model cell

system, B2ARs undergo ligand-induced endocytosis by clathrin-coated pits and are

delivered to a common population of early endosomes containing many other internalized

membrane proteins, such as the T■ nR (1,21). Using a mutant B2AR that is specifically

sorted to lysosomes after endocytosis, we have devised an immunoisolation procedure to

purify the endocytic membrane vesicles containing these receptors, identified individual

SNARE proteins present in these membranes, and examined the functional consequences

of overexpressing defined SNARE proteins on membrane trafficking of wildtype

receptors to lysosomes. These studies provide the first characterization regarding the
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protein composition of B2AR-containing endocytic membranes and suggest that

lysosomal targeting of certain GPCRs is mediated by a biochemically specialized

membrane pathway.
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EXPERIMENTAL PROCEDURES

cDNA constructs and mutagenesis

Epitope tagged versions of the cloned B2AR were described previously (1,22). B2ARs

containing a FLAG epitope at the amino-terminal extracellular domain (FLAG-B2AR) or

a FLAG epitope at the amino-terminal domain along with an EE epitope at the carboxyl

terminal cytosolic domain (FLAG-B2AR-EE) were cloned into pcDNA 3.0 (Invitrogen).

HA-tagged mouse VAMP2 was derived from a VAMP 2 construct in pRC/CMV

(Invitrogen) containing a lumenal large T-antigen epitope (TAg) (gift from Dr. Regis

Kelly). The TAg epitope was replaced with linker oligonucleotides containing the HA

epitope sequence and cloned into pcDNA 3.1 (Invitrogen). HA-tagged rat cellubrevin

was constructed by oligonucleotide-directed mutagenesis using the polymerase chain

reaction (Vent polymerase; New England Biolabs) and wildtype rat cellubrevin as the

template and cloned into pcDNA 3.1 (Invitrogen). Wildtype syntaxin 3 in pCB7 was a

gift from Dr. Keith Mostov. FLAG-tagged syntaxin 2 and 4 in pCMV were constructed

by appending the coding sequence for the FLAG epitope onto the amino-terminal domain

of the cDNA.

Antibodies

M1 and M2 anti-FLAG monoclonal antibodies were purchased from Kodak, IBI. The EE

and HA.11 monoclonal antibodies were purchased from BAbCO. B3/25, anti-transferrin

receptor monoclonal antibody was purchased from Boehringer Mannheim, and EGFR-15,

anti-EGFR polyclonal antibody was purchased from Santa Cruz Biotechnology.
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Polyclonal antibodies against VAMP 2, syntaxin 2, 3, and 4 were gifts from Dr. Mark

Bennett and additional polyclonal syntaxin 3 antibody was a gift from Dr. Keith Mostov.

The anti-human cellubrevin polyclonal antibody (TG2) has previously been described

(23).

Cell Culture

Human embryonal kidney cells (HEK) 293 cells were cultured in Dulbecco's modified

Eagle's medium supplemented with 10% fetal bovine serum (University of California,

San Francisco Cell Culture Facility). Stable cell lines expressing combinations of epitope

tagged B2ARs and SNARE proteins were generated by transfecting HEK293 cells with

~5 pig of plasmid DNA by calcium-phosphate precipitation. Cell clones expressing the

transfected constructs were selected using 200 pig■ ml geneticin (Life Technologies, Inc.),

40 pg/ml zeocin (Invitrogen), or 100 pig■ ml hygromycin B (Sigma) where appropriate.

Stable expression of the transfected constructs was screened by immunofluorescence

microscopy.

Subcellular fractionation and immunoisolation of endocytic membranes containing

B2ARS

FLAG-B2AR-EE or FLAG-B2AR (as a control) cells were grown on 15 cm plates and

treated for 15 minutes with 10 puM isoproterenol (RBI) at 37°C. Cell monolayers were

then quickly chilled to 4°C, equilibrated at this temperature for 10 minutes and washed

twice with ice-cold HES buffer (20 mM HEPES, pH 7.4, 1 mM EDTA, 255 mM
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sucrose). Cells were harvested with 1.0 ml per plate of HES + 1 pg/ml leupeptin, 1

|Ig/ml pepstatin, 2 pg/ml aprotinin, 2 pg/ml PMSF and 100 pg/ml Dnase I (Sigma) by

scraping with a rubber policeman, and a homogenate was prepared by 10 strokes in an

ice-cold dounce homogenizer. Unbroken cells, nuclei, and the majority of plasma

membrane fragments were removed by differential centrifugation at 19K x g for 20

minutes at 4°C, and a light membrane fraction was prepared which included the majority

of endocytic vesicles. Light membranes (~3 mg protein) were incubated with 5 pig of EE

antibody for 2.5 hours at 4°C. A goat anti-mouse linker antibody (10 pig; Jackson

ImmunoResearch) was added to the samples and incubated for an additional 2.5 hours at

4°C. Antibody-bound membranes were isolated with 25 pil of fixed Staphylococcus

aureus cells (Pansorbin; Calbiochem), washed twice with HES, and resuspended with

200 pil HES.

To determine the amount of plasma membrane contamination present in the

immunoisolated endosomes, cell surface proteins were biotinylated at 4°C with sulfo

NHS-biotin (Pierce Chemical Co.) prior to immunoisolation.

Saturation radioligand binding assays were performed on the immunoisolates using ['H]-

dihydroalprenolol (Amersham) as tracer and alprenolol (10 puM) to define nonspecific

binding (which was 3 10% of total binding in all cases), as described previously. Equal

amounts of B2AR-containing endosomes, as determined by Bmax estimates derived from

radioligand binding assay, were solubilized with 25 pul SDS sample buffer and resolved
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by SDS-PAGE. Proteins were transferred to nitrocellulose membranes and blotted for

B2ARs using biotinylated M1 antibodies (prepared by standard methods using sulfo-NHS

biotin; Pierce Chemical Co.). B2ARs were detected using HRP conjugated anti-biotin

secondary antibodies (Vector Laboratories) and enzyme-linked chemiluminescence

(ECL, Amersham). The presence of cell surface biotinylated proteins (to determine

plasma membrane contamination) was detected by avidin-HRP complex formation using

VectaStain ABC detection system (Vector Laboratories). For detection of SNARE

proteins, blots were probed with VAMP 2, cellubrevin, and syntaxin 2, 3, and 4

antibodies followed by HRP conjugated goat anti-rabbit secondary antibodies (Jackson

ImmunoResearch) and ECL detection.

Degradation of cell surface biotinylated receptors

Cells were grown on poly-L-lysine (Sigma) coated 6 cm dishes and cell surface receptors

were biotinylated with 300 pg/ml sulfo-NHS-biotin in PBS, pH 7.4 at 4°C for 30

minutes. Unreacted sulfo-NHS-biotin was quenched by 3 washes with ice-cold TBS.

One dish was left at 4°C to determine total surface biotinylated proteins, and the others

were incubated with media in the absence or presence of 10 puM isoproterenol (+/- 50

ng/ml EGF) at 37°C for 4 hours (2 hours for EGF treated cells). Cells were then washed

3 times with PBS and extracted with TX-100 extraction buffer (0.5% (v/v) TX-100, 10

mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM KCI, 1 pg/ml leupeptin, 1 pg/ml pepstatin,

2 pg/ml aprotinin, 2 pg/ml PMSF). Extracts were clarified by centrifugation in a

microcentrifuge (12K x g for 10 minutes) prior to immunoprecipitation of receptors. For
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studies using an inhibitor of lysosomal proteolysis, cells were preincubated for 90

minutes with 50 mM NH4CI (Fisher Scientific) before biotinylation, and inhibitor was

present during all subsequent manipulations.

FLAG-B2ARs, TfnRs, or EGFRs were immunoprecipitated from cell extracts using -3

pig of M2, 0.6 pig of B3/25, or 0.8 pig of EGFR-15 antibody, respectively and 30 pil of

protein A Sepharose beads (Pharmacia Biotech). M2 and B3/25 immunoprecipitations

required the addition of ~6 pig of rabbit anti-mouse linker antibody since this antibody

subtype (IgG1) does not bind to protein A Sepharose beads with high efficiency.

Immunoprecipitates were spun through a 1 M sucrose cushion in HSB (0.1% SDS, 0.5%

TX-100, 20 mM Tris-HCl, pH 7.5, 120 mM NaCl, 25 mM NaCl, 25 mM KCI) and

washed sequentially with HSB, 1M HSB, and low salt wash buffer (10 mM Tris-HCl,

pH 7.5). Washed beads were extracted with SDS sample buffer and eluted proteins were

resolved by SDS-PAGE. Resolved proteins were transferred to nitrocellulose membranes

(Micron Separations, Inc.) and blocked for 30 minutes in Blotto (5% dry milk, 0.1%

Tween-20 in TBS). Biotinylated proteins were complexed with HRP by incubating

membranes with VectaStain ABC detection and detected using ECL. Band intensities

were quantitated by densitometry of films exposed in the linear range.
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RESULTS

Isolation of endocytic membranes containing mutant B2ARS that are preferentially

targeted to lysosomes

To investigate the pathway mediating B2AR targeting to lysosomes, we utilized a mutant

B2AR (FLAG-B2AR-EE) containing an epitope tag sequence appended to the amino and

carboxyl termini. These modification do not affect the mechanism of initial receptor

endocytosis, but the carboxyl terminus epitope specifically disrupts a cytoplasmic protein

interaction that controls sorting of receptors after internalization, thereby promoting

targeting of internalized receptors to lysosomes (2). We utilized this cytoplasmic epitope

tag to purify endocytic membranes containing FLAG-B2AR-EEs using a previously

described immunoisolation procedure which involves differential centrifugation to

generate a light membrane fraction, with most of the nuclei and plasma membrane

fragments removed (24). This light membrane fraction contained the majority of B2ARS

(Figure 1 A, LM) and was used for immunoaffinity purification to specifically isolate

receptor-containing light membrane vesicles.

Recovery of FLAG-B2AR-EE in immunoisolates was detected both by immunoblotting

using an antibody recognizing the FLAG epitope tag (Figure 1 A) and by radioligand

binding using the beta adrenergic antagonist dihydroalprenolol (Figure 1 B). B2AR

containing membranes were immunoisolated (ILN) in relatively large amount from cells

preincubated in the presence of the adrenergic agonist isoproterenol (Figure 1 A, ILN

+iso). The biochemical specificity of this immunoisolation was indicated by the lack of
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any detectable membranes from cells expressing comparable amounts of FLAG-B2AR

not containing the cytoplasmic epitope tag (CTL). Essentially all of the B2AR recovered

in immunoisolates resolved as a heterogeneous pattern characteristic of the mature

glycoprotein, as indicated by its resistance to digestion by endoglycosidase H (not

shown). This indicates that the majority of isolated B2AR-containing membranes

represents plasma membrane or endocytic vesicles rather than elements of the

biosynthetic pathway (which are characterized by immature glycans). In addition, much

smaller amounts of B2AR-containing membranes were isolated from cells incubated in

the absence of agonist, despite the fact that agonist incubation for this brief time period

(15 minutes) did not significantly change the total amount of B2AR protein detected in

the cell lysates (Figure 1 A and B, compare ILN —iso and +iso). These observations

further confirm the biochemical specificity of the immunoisolation and indicate that

immunoisolated membranes represent primarily B2AR-containing endocytic vesicles,

which are present in large amount only in agonist-treated cells. In addition, recovery of

surface-biotinylated proteins in the immunoisolated vesicle fraction was almost

undetectable (Figure 1 C), confirming that this fraction contains negligible contamination

by residual plasma membrane. As the endocytic pool of B2ARs present in agonist

treated cells represents -50% of total cellular B2ARs under these conditions and the yield

of B2AR-containing membranes in immunoisolates was ~30% (Figure 1 B), we estimate

that the immunoisolation procedure recovered B2AR-containing endocytic vesicles with

> 50% efficiency.
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Figure 1: Specific isolation of endocytic membranes containing B2ARs. Light

membranes from cells expressing FLAG-B2AR-EE were used to immunoisolate vesicles

containing B2ARs, taking advantage of the cytoplasmic EE epitope. A. The light

membrane fraction contains the majority of B2ARs (LM), as indicated by western

blotting. The presence of B2ARs in isolated membranes was determined by western

blotting using M1 (O-FLAG antibody). Immunoisolation of B2AR vesicles was

enhanced after agonist treatment (compare +iso to -iso ILN) and was specific, as

indicated by the lack of B2AR immunoisolated from FLAG-B2AR light membranes

(CTL). B. Radioligand binding with 'H-dihydroalprenolol (a B2AR antagonist) was

used to determine the efficiency and specificity of the immunoisolation. Counts from the

light membrane fraction (LM) represents total (100%) B2AR present in the starting

material. Immunoisolations from untreated cells was ~10% (-iso) while isolations from

treated cells was ~40% (+iso) of total B2AR. Confirming the specificity of the

immunoisolation, <5% of B2ARs were detected in control isolations (CTL). Binding

assays were done in triplicates. C. Cells were surface biotinylated to label the plasma

membrane after treatment with agonist to drive B2AR endocytosis, and vesicles were

immunoisolated. Probing the light membrane fraction with HRP-streptavidin reveals

Some plasma membrane contamination in the starting material (LM). However,

biotinylated proteins were not detected in either the specific or control immunoisolations

(ILN and CTL, respectively), confirming the specificity of immunoisolating endocytic

vesicles.
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Identification of v-SNAREs and syntaxins associated with the isolated B2AR-containing

endocytic membranes

In order to identify candidate SNARE proteins present in endocytic membranes

containing FLAG-B2AR-EEs, immunoisolates were generated from agonist-treated cells

and analyzed by immunoblotting using antibodies recognizing SNARE proteins

expressed endogenously in HEK293 cells. The v-SNAREs (r-SNAREs) VAMP 2 and

cellubrevin and the t-SNARE (q-SNARE) syntaxin 3 were specifically detected in

immunoisolated receptor-containing vesicles (Figure 2). In contrast syntaxins 2 and 4,

although readily detected in the light membrane fraction, were undetectable in

immunoisolates (Figure 2). These results further confirm the specificity of the

immunoisolation procedure and indicate that endocytic vesicles containing FLAG-B2AR

EE are associated with a limited subset of endogenously expressed SNARE proteins.

Functional effects of endosome-associated SNAREs on lysosomal targeting of B2ARS

containing wild type cytoplasmic domains

To investigate the possible functional role of defined SNARE proteins on receptor

trafficking, cells expressing FLAG-tagged B2ARs containing a wild type cytoplasmic tail

were stably transfected with selected SNARE proteins and cell clones overexpressing

individual SNAREs >20-fold over endogenous levels (estimated by immunoblotting)

were chosen for further study. Overexpression of SNAREs in this manner did not

detectably inhibit or enhance agonist-induced internalization of FLAG-B2AR (not

shown). In cells overexpressing any individual SNARE protein, an established surface

3 *
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Figure 2: Detection of SNARE proteins in B2AR immunoisolates. Equal amounts of

B2ARS from the light membrane fraction and specific immunoisolations (as determined

by radioligand binding) were probed with anti-SNARE antibodies. The v-SNAREs

cellubrevin and VAMP 2 and the t-SNARE syntaxin 3 were specifically detected in

B2AR isolations (ILN) and not in control isolations (CTL, equal volume loaded).

However, the t-SNAREs syntaxin 2 and 4, although present in the light membrane

fraction, were not found in the isolated vesicles.
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biotinylation assay (2) indicated that the FLAG-B2AR did not exhibit significant

proteolytic degradation following agonist treatment for four hours (Figure 3 A, bar

groups 2-6). However, in contrast to the lack of effect of individual SNAREs on receptor

degradation, overexpression of both cellubrevin and syntaxin 3 together in the same cells

caused a pronounced increase in agonist-induced proteolysis of the FLAG-B2AR (Figure

3 A, bar group 8). This result was highly reproducible in this cell clone and was further

replicated using an independently isolated clone of stably transfected cells overexpressing

cellubrevin and syntaxin 3 (not shown). Quantitation of this effect indicated that

overexpression of cellubrevin and syntaxin 3 caused the rate of B2AR proteolysis to

increase >3-fold, from a tº 210 hours in cells expressing SNAREs at endogenous levels

(Figure 3 A, bar group 1 and Figure 3 B, closed circles) to ~3 hours in cells

overexpressing cellubrevin and syntaxin 3 together (Figure 3 B, squares).

To investigate the biochemical specificity of this v-SNARE / syntaxin combination on

receptor trafficking, we examined the effects of overexpressing the homologous v

SNARE VAMP 2 together with syntaxin 3. Pairwise overexpression of this SNARE

combination, in contrast to cellubrevin and syntaxin 3, did not detectably promote

proteolytic degradation of the FLAG-B2AR (Figure 3 A, bar group 7 and Figure 3 B,

open circles). Nevertheless, immunoblotting using anti-syntaxin 3 indicated that these

cells expressed syntaxin 3 at closely similar levels as the cellubrevin / syntaxin 3

overexpressing clones. Furthermore, immunoblotting using anti-HA (to detect both

recombinant VAMP 2 and cellubrevin, which were HA-tagged in the same manner)
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Figure 3: Effect of SNARE overexpression on B2AR lysosomal degradation. Stable

cell lines overexpressing SNARE proteins individually or in combination were surface

biotinylated and incubated in the presence or absence of agonist for 4 hours. B2AR

degradation was determined by immunoprecipitation of receptors followed by HRP

streptavidin overlays. Overexpression of SNAREs individually did not appreciably effect

agonist-induced degradation of B2ARs (VAMP 2, Cb-cellubrevin, Syn2=syntaxin 2,

Syn3=syntaxin 3, Synd–syntaxin 4). However, overexpression of cellubrevin and

syntaxin 3 (Cb + Syn 3), but not VAMP 2 and syntaxin 3 (VAMP 2 + Syn 3), resulted in

a significant amount of agonist-induced B2AR degradation. Error bars represent +/- S.D.

B. Control cells (•), cells overexpressing VAMP 2 and syntaxin 3 (o) or cellubrevin and

syntaxin 3 (m) were surface biotinylated and treated with agonist for 0, 2, or 4 hours.

B2ARs from control and VAMP 2 and syntaxin 3 overexpressing cells did not undergo

an appreciable amount of degradation. However, in cells overexpressing cellubrevin and

syntaxin 3, the tip of B2AR degradation is ~3 hours, compared to 210 hour in control

cells.
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confirmed that the relative level of VAMP2 expression in VAMP 2 / syntaxin 3

overexpressing cells was closely similar to that of cellubrevin in cellubrevin / syntaxin 3

overexpressing cells (not shown). These results confirm the biochemical specificity of

the effect of pairwise overexpression of cellubrevin and syntaxin 3 on promoting

degradation of internalized B2ARs.

To determine if the agonist-induced degradation of B2ARs was due to missorting of

internalized receptors to the lysosomes, NH4CI was used to inhibit lysosomal proteolysis.

In control cells expressing SNAREs at endogenous levels, B2ARs are biochemically

stable after agonist treatment (Figure 4 A, control), while in cells overexpressing

cellubrevin and syntaxin 3, pronounced proteolysis of surface-biotinylated B2ARs was

observed following agonist-induced internalization (Figure 4 A, Cb + Syn 3). However,

when cells overexpressing cellubrevin and syntaxin 3 were treated with 50 mM NH4C1,

agonist-induced degradation of internalized B2ARs was undetectable (Figure 4 A, Cb +

Syn 3 (NH4CI)) and receptors were biochemically stable. The same results were obtained

with 200 puM chloroquine, another inhibitor of lysosomal proteolysis (data not shown).

Thus, overexpression of cellubrevin and syntaxin 3 mistargets internalized B2ARs

towards a lysosomal pathway where receptors are degraded.
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Biochemical specificity of cellubrevin and Syntaxin 3 on lysosomal targeting of the

B2AR

To investigate the biochemical specificity of cellubrevin and syntaxin 3 on trafficking of

individual receptors, we utilized the biotinylation assay to examine the effects of this

SNARE combination on the normal recycling of the transferrin receptor (TfnR)

expressed endogenously in the same cells. In control cells expressing SNAREs at

endogenous levels, TfnRs were biochemically stable and exhibited no detectable

proteolytic degradation following incubation in the absence or presence of agonist for

four hours (Figure 4 B, control). In marked contrast to the enhancement of B2AR

proteolysis caused by overexpression of cellubrevin and syntaxin 3 (Figure 4 A, Cb +

Syn3), TfnRs detected in the same cell extracts did not undergo any detectable

proteolysis under the same conditions (Figure 4 B, Cb + Syn 3), despite the fact that these

receptors are internalized by clathrin-coated pits with similar kinetics as the B2AR.

Thus, the recycling pathway in cells overexpressing cellubrevin and syntaxin 3 is intact,

and the effect of SNARE overexpression is specific for the B2AR, as demonstrated by

the biochemical stability of TfnRs examined in the same cells.

Overexpression of cellubrevin and syntaxin 3 specifically disturbed the recycling of

B2ARs. To determine whether the lysosomal targeting of receptors which undergo

downregulation in lysosomes is affected, we examined the biochemical stability of

epidermal growth factor receptors (EGFRs) in cells overexpressing cellubrevin and

syntaxin 3. Surface-biotinylated EGFRs exhibited rapid, ligand-induced degradation in
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HEK293 cells expressing SNAREs at endogenous levels (Figure 4 C, control), consistent

with efficient targeting of these receptors to lysosomes after endocytosis. Overexpression

of cellubrevin and syntaxin 3 did not detectably enhance or inhibit ligand-induced

degradation of EGFRs (Figure 4 C, Cb + Syn 3). The trafficking pathway leading to

lysosomes is not disturbed by overexpression of cellubrevin and syntaxin 3, as indicated

by the lack of an apparent effect on lysosomal degradation of EGFRs. Taken together,

these results suggest that the functional effects of cellubrevin and syntaxin 3 on B2AR

trafficking are biochemically specific, both for individual SNARE proteins and for

individual receptors.
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Figure 4: Overexpression of cellubrevin and Syntaxin 3 specifically affects degradation

of B2AR. A. In control cells, B2ARs are biochemically stable (Control) whereas in cells

overexpressing cellubrevin and syntaxin 3, receptors undergo pronounced degradation

(Cb + Syn 3). Treatment of cellubrevin and syntaxin 3 overexpressing cells with NH4Cl

inhibits the agonist-induced degradation of B2ARs (Cb + Syn3 (NH4)). B. In control

cells TfnRs are biochemically stable both in the absence and presence of agonist (-iso and

+iso, respectively). In cells overexpressing cellubrevin and syntaxin 3, only B2ARs are

degraded while Tfnks remained stable (Cb + Syn 3). Receptors were

immunoprecipitated from the same cell lysates. D. The EGF-induced lysosomal

degradation of EGFRs after 2 hours (+ EGF) in cells expressing cellubrevin and syntaxin

3 at endogenous levels (Control) is comparable to that seen when these SNAREs are

overexpressed (Cb + Syn 3).
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DISCUSSION

To our knowledge, the present results provide the first direct examination of the

biochemical features of a membrane pathway mediating lysosomal targeting of a G

protein-coupled receptor in mammalian cells. Extensive biochemical and genetic studies

of Ste2p trafficking have identified a ubiquitin-dependent mechanism that mediates

efficient receptor targeting to the yeast vacuole (25,26). In addition, a syntaxin homolog

(Vam3) involved in the fusion of biosynthetic transport vesicles with the vacuole (27-29),

has been shown to mediate the transport of Ste2p to the vacuole (30), implicating a role

for SNARE proteins in trafficking GPCRs to the vacuole.

Studies of GPCR trafficking in mammalian cells suggest the existence of distinct or

additional mechanism(s) which control endocytic trafficking of receptors. GPCRs

expressed in mammalian cells undergo highly specific sorting between recycling and

degradative pathways following agonist-induced endocytosis, a process that may

contribute to the complex physiological regulation of signaling receptors in multicellular

organisms (3-6). In particular, recent studies have identified a cytoplasmic protein

interaction with the carboxyl-terminus of the B2AR that controls receptor sorting

between recycling endosomes and lysosomes (2). The present studies utilized a mutant

receptor in which this interaction is disrupted in order to isolate endocytic membranes

containing receptors preferentially targeted to lysosomes, thereby providing insight into

the biochemical properties of this late endocytic pathway. In particular, our studies
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implicate a specific subset of SNARE proteins, cellubrevin and syntaxin 3, in promoting

receptor trafficking to lysosomes when overexpressed.

Studies in yeast and mammalian cells clearly indicate that individual SNAREs, which are

capable of interacting quite promiscuously in vitro (19,20), mediate highly distinct

functions in membrane trafficking in vivo. This principle has been used to define distinct

pathways of vesicular trafficking from biosynthetic membranes to the yeast vacuole (31)

as well as to define specialized endocytic membranes in mammalian cells, such as

vesicles (marked by VAMP 2 and syntaxin 4) that mediate recycling of internalized

Gluta to the plasma membrane (32-34). Indeed, the B2AR-containing endocytic vesicles

characterized in the present study were devoid of detectable syntaxin 4 but contained

relatively large amounts of the q-SNARE isoform syntaxin 3. Furthermore, as

overexpression of cellubrevin and syntaxin 3 exerted a highly specific effect on

lysosomal degradation of internalized B2AR, our studies suggest that a significant

amount of biochemical specificity may exist in membrane pathways mediating the

delivery of certain endocytosed signaling receptors to lysosomes. Further studies will be

necessary to more fully evaluate this hypothesis and to determine the role of specific

SNARE-mediated mechanisms in delivering internalized receptors to multivesicular late

endocytic structures identified previously in morphological studies (35-37). However,

the possibility that certain GPCRs such as the B2AR may follow a biochemically

distinguishable late endocytic pathway may be reasonable in view of the highly

specialized physiological functions of membrane trafficking in mediating and regulating
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signal transduction. Moreover, as mammalian cells express a large number of

structurally homologous SNARE proteins that are differentially localized in various

subcompartments of the endocytic pathway, it seems likely that specialized membrane

transport reactions in the endocytic pathway may be a more common phenomenon than

currently appreciated.
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CONCLUSIONS

The endocytic trafficking of signaling receptors plays an important role in receptor

mediated signal transduction. The endocytosis of activated receptors is an effective

mechanism to desensitize receptors, and the trafficking pathway taken by internalized

receptors results in either receptor downregulation or resensitization (1-5). My studies on

GPCRs and EGFRs have identified specialized features in the endocytosis and endocytic

sorting of these signaling receptors which may provide additional mechanisms by which

they can regulate their endocytic and signaling properties.

Endocytosis of signaling receptors

While many membrane proteins are endocytosed by clathrin-coated pits on the plasma

membrane, signaling receptors may have the ability to regulate the coated pits that they

occupy. Incubation of cells at 16°C inhibits the ligand-induced endocytosis of both

B2ARs and EGFRs, while endocytosis of TfnRs is readily observed (chapters 2 and 3).

The functional temperature block distinguishes clathrin-coated pits enriched in signaling

receptors from those enriched in constitutively recycling receptors. As signaling

receptors recruit a number of additional proteins involved in modulating receptor

function or distribution, these accessory proteins may regulate the action of the coated

pit. The enrichment of signaling receptors in a subset of coated pits indicates that the

clathrin-coated pits on the plasma membrane are quite heterogeneous.
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Endocytic sorting of B2ARs

A novel mechanism controls the endocytic sorting of B2ARs. A PDZ-mediated protein

interaction between the B2AR and members of the EBP50/NHERF family is necessary

for the efficient recycling of internalized receptors to the plasma membrane. Disruption

of this interaction results in agonist-induced degradation of the receptors (chapter 4). The

sorting decision to follow a recycling or degradative pathway may be regulated by

phosphorylation of a serine residue present in the PDZ binding domain of the B2AR

(chapter 4). Thus, B2ARs have a specialized mechanism that allows these receptors to

switch their endocytic fate. Additionally, the mechanism is specific for the B2AR,

suggesting that the endocytic pathway required to mediate this sorting function is distinct

from that used by constitutively recycling receptors, despite the fact that both B2ARs and

TfnRs are colocalized in common endosomes (6).

The requirement of the PDZ-mediated interaction with EBP50/NHERF family proteins

for the efficient recycling of B2ARs suggests that EBP50 promotes the return of

endocytosed B2AR to the plasma membrane. As EBP50 acts as a link between

membrane proteins and the actin cytoskeleton via its interaction with ERM proteins (7), it

may tether recycling B2AR to the cortical actin network for fusion with the plasma

membrane. Transplanting the B2AR PDZ binding domain onto the DOR enhances

recycling of the receptor back to the plasma membrane (chapter 5). Thus, the PDZ

binding domain appears to be sufficient to shuttle GPCRs towards a recycling pathway

and identifies the first recycling signal for GPCRs. Because receptor recycling is
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believed to occur through a default pathway (8), this result identifies a new distinction

between the endocytic trafficking of GPCRs and constitutively recycling TfnRs: a

requirement for an active recycling signal.

Oligomerization of B2ARs has been shown to be important for receptor-mediated signal

transduction at the plasma membrane (9,10). However, oligomerization of B2ARs also

plays an important role in controlling the endocytic trafficking of these receptors. Mutant

receptors that have mutations in the PDZ binding domain can divert wildtype B2ARs

towards a degradative pathway when both forms of the receptor are coexpressed in the

same cell. Thus, oligomerization between B2ARs is not only important for activation of

signaling cascades but also for regulation of receptor-mediated signaling by influencing

their trafficking pathway (chapter 6).

Controlling the endocytic sorting of B2ARs through direct protein associations with the

receptor is not the only mechanism that influences their sorting. SNARE proteins, which

comprise a large family of proteins involved in mediating and regulating membrane

fusion events also specifically affect the trafficking of internalized B2ARs. A subset of

SNARE proteins expressed in HEK293 cells is associated with endosomal membranes

containing B2ARs, and overexpression of cellubrevin and syntaxin 3 results in agonist

induced degradation of receptors. The effect is SNARE specific as overexpression of

each SNARE individually or overexpression of VAMP2 and syntaxin 3 does not affect

the normal recycling of internalized B2ARs. Furthermore, the effect is receptor specific
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as the proper recycling of TfnRs and downregulation of EGFRs are not affected by

overexpression of cellubrevin and syntaxin 3 (chapter 7). The membrane effect on B2AR

endosomes further supports the idea that the endocytic trafficking pathway for these

receptors is quite specialized, in spite of the fact that these receptors seem to follow a

similar membrane pathway as constitutively recycling receptors.

Signaling consequences of B2AR trafficking

In cells overexpressing dominant negative dynamin, receptor activation of MAPK is

inhibited, implicating a role for receptor endocytosis in activation of the MAPK cascade

(11,12). Incubation of cells at 16°C also inhibits MAPK activation by B2ARs and

EGFRs, without inhibiting receptor activation or receptor activation of early components

of the signaling cascade, such as Shc (11) (chapter 2 and 3). While expression of

dominant negative dynamin inhibits general clathrin-mediated endocytosis (13),

incubation at 16°C specifically impairs the endocytosis of B2ARs and EGFRs. Inhibition

of MAPK activation may be due to the lack of receptor endocytosis, consistent with

studies using dominant-negative dynamin. Alternatively, a necessary interaction between

components of the MAPK cascade and this subset of coated pits to activate the signaling

pathway may be blocked at 16°C. Thus, subsets of clathrin-coated pits enriched in

signaling receptors appear to be important for mitogenic signal transduction initiated by

both GPCRs and receptor tyrosine kinases. This suggests that a specialized endocytic

pathway may be a general mechanism used by different classes of signaling receptors to

control signal transduction.
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The sorting of internalized B2ARs towards a recycling or degradative pathway has great

implications for receptor-mediated signaling. Recycling of receptors to the plasma

membrane promotes receptor resensitization while lysosomal targeting results in receptor

downregulation (1,2,4). The PDZ-mediated sorting mechanism involved in the endocytic

trafficking of B2ARs allows the receptors to switch between these opposing pathways,

thereby controlling their signaling properties (chapter 4).

A model for the endocytic trafficking of B2ARs

The results presented in this thesis have identified additional sorting mechanisms and

membrane pathways that mediate the endocytic trafficking of the B2AR. The following

model combines what is already known about endocytic trafficking of membrane proteins

with the observations presented in this thesis. While future studies are necessary to fully

understand the endocytic trafficking of B2ARs, this model is most consistent with the

present data.

The concentration of oligomerized B2ARs into a subset of clathrin-coated pits on the

plasma membrane allows the receptor to form a specialized microdomain where receptor

mediated signaling events can be coordinately controlled along with receptor trafficking.

Desensitization of activated B2ARs by phosphorylation would dissociate the interaction

of EBP50 and the receptor. Association with 3-arrestin further desensitizes receptors

and promotes their movement into clathrin-coated pits. Additionally, 3-arrestin has been

shown to recruit c-Src (14), which may activate secondary signaling cascades as well as
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promote the recruitment of clathrin (as it does for the EGFR) (15). The endocytosis of

these coated pits forms primary endocytic vesicles concentrated in receptors that can

mediate activation of additional signaling cascades, such as the MAPK cascade. These

primary endocytic vesicles eventually fuse with the tubulo-vesicular common endosomes

where B2ARs are resensitized by dephosphorylation through an endosome associated

phosphatase (16).

Within the endosomal system, the oligomerized state of B2ARs, which is important for

plasma membrane signaling events, may also be the first step in achieving efficient

sorting, by packaging the receptors. B2ARs may be concentrated in tubular extensions of

the endosome, which are enriched in cellubrevin. Scission of the extensions results in

vesicles that are enriched in B2AR and cellubrevin. At this stage, there is a balance

between opposing pathways. The recycling of receptors is promoted by the association

with EBP50, which tethers B2AR vesicles to the cortical actin network and positions the

vesicles close to the plasma membrane for efficient fusion. The targeting of receptors to

lysosomes for degradation is promoted by the binding of cellubrevin to syntaxin 3

containing late endosomes. Therefore, mutant B2ARs, which have their PDZ binding

domain disrupted, are not efficiently tethered to the plasma membrane, and the SNARE

influence on the vesicles predominates and directs receptors towards the lysosome. In

cells expressing wildtype B2ARs, but overexpressing cellubrevin and syntaxin 3, the

EBP50 recycling mechanism is overwhelmed by the increase in SNARE proteins and as a

result, receptors are targeted to the lysosome.
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Studying the B2AR has provided new and intriguing insights into processes mediating

endocytic sorting of membrane proteins. While these mechanisms have been

characterized primarily for B2ARs, similar mechanisms may be involved in controlling

the endocytic sorting of other signaling membrane proteins. The principal conclusion

from these studies is that the membrane pathway taken by signaling receptors is distinct

from those used by constitutively recycling receptors. This property is not surprising

since the membrane trafficking of signaling receptors plays a critical role in modulating

the physiological responsiveness of these receptors, and it is reasonable that these

receptors would require additional features to allow them to regulate their action.

FUTURE DIRECTIONS

How do B2ARs and EGFRs influence the clathrin-coated pits that they occupy? In the

case of the B2AR, the recruitment of 3-arrestin to B2AR occupied coated pits and the

ability of 3-arrestin to interact with clathrin and AP-2 (17-20) makes it an excellent

candidate to regulate coated pits. Co-localization of B2AR and 3-arrestin is seen at 16°C

(chapter 2), thus it is possible that dissociation of B2AR / 3-arrestin or dissociation of [-

arrestin from clathrin or AP-2 at the plasma membrane may be required to allow receptor

endocytosis. In the case of the EGFR, Eps 15 and GRB2 can interact with the receptor

and with AP2 of clathrin-coated pits (21) or dynamin (22), respectively. EGFR

regulation of Eps 15 or GRB2 interaction with AP2 or dynamin may be altered at 16°C,

thereby inhibiting the normal endocytosis of the receptor.
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Additionally, [-arrestin has been demonstrated to recruit c-Src (14). In a manner similar

to that observed for EGFRs, c-Src recruitment could phosphorylate clathrin and promote

its assembly onto the plasma membrane (15) to mediate the endocytosis of B2ARs.

Inhibiting c-Src mediated phosphorylation or its recruitment to the plasma membrane at

16°C could then inhibit endocytosis of B2ARs and EGFRs.

As new in vitro assays for examining the biochemical requirements for clathrin-mediated

endocytosis are developed (23,24), they can be applied to studying regulated endocytosis

of signaling receptors. Permeabilized cell studies on clathrin-mediated endocytosis have

already identified different requirements for constitutive and regulated endocytosis (25),

supporting the idea that internalization of these receptors is quite different. Because the

movement of signaling receptors into clathrin-coated pits is ligand dependent, this

approach could also be used to study the mechanism by which receptors are recruited into

coated pits or how receptors may recruit components of clathrin-coated pits to the plasma

membrane. Furthermore, accessory proteins involved in the endocytosis of these

receptors have already been identified, and the stage at which these proteins are required

could be determined by using established stage-specific assays for clathrin-mediated

endocytosis (23,24).

Ultrastructural examination of clathrin-coated pits blocked at 16°C would also provide

further insight into the mechanism of receptor endocytosis. Immunoelectron microscopic

examination of the B2AR at 16°C has been performed, revealing their presence in
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clathrin-coated structures on the plasma membrane (26). However, using the plasma

membrane rip technique (27) to examine the underlying clathrin lattice structure will be

useful in identifying the stage at which the coated pits are blocked. Is the clathrin lattice

more planar at 16°C or is it able to form the required curvature necessary for fission?

Furthermore, the interplay of 3-arrestin with components of the clathrin coat could be

studied by immunoelectron microscopy. Comparison of the distribution of 3-arrestin

within the coated pit at 37°C and 16°C may reveal a requirement for a particular

redistribution or localization for this protein to promote receptor endocytosis.

What is the cycle of B2AR / EBP50 interaction? This interaction is necessary for

recycling of B2ARs to the plasma membrane, but the interaction between these 2 proteins

during a round of endocytosis and recycling has not been characterized. The profile of

EBP50 association with the receptor during a time course of agonist treatment would help

discern the agonist regulation of the interaction and might also provide insight into where

and when the association is required.

EBP50 is phosphorylated (7) and the effect of this modification on interaction with the

B2AR has not been studied. PKA and CamkII have been shown to phosphorylate

NHERF (28,29), and a recent study has described GRK 6A phosphorylation of NHERF

(29). The serine residue phosphorylated by these kinases has been mapped, and the effect

of B2AR trafficking or function could be examined in cells transfected with EBP50
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containing mutations in the homologous residues. Thus, modification of EBP50 could

regulate receptor / EBP50 interaction, thereby affecting B2AR trafficking or function.

The affinity chromatography experiments which identified EBP50 as an interacting

partner of wildtype B2AR tails also identified an additional protein of ~70 kDa. Thus,

additional PDZ-mediated protein interactions with the B2AR are possible, and the

identification and functional characterization of these protein may identify new factors

involved in endocytic trafficking of these receptors or in other aspects of receptor

function.

How do cellubrevin and syntaxin 3 affect B2AR trafficking? B2ARs and Tfnks are

found in the same endosomes, yet the effect of SNARE overexpression is selective.

Ultrastructural localization of these SNAREs in the endosomes might shed light into

domains within the endosome where these proteins are enriched with respect to B2ARs.

If there appear to be subdomains of the endosome which are enriched in these proteins,

the possible association of these domains with coat proteins could be examined by

localization studies or coimmunoprecipitation studies. Previous studies identifying a role

for 3-COP on endosomal membranes in the lysosomal targeting of internalized CD-4

through the nef protein suggests that coat proteins may mediate targeting of membranes

to late endosomes (30).

While overexpression of these SNARE proteins results in agonist-induced degradation of

B2ARs, the consequence of overexpressing these proteins on their function is unknown.
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In vitro endosome fusion experiments using function-blocking cellubrevin and syntaxin 3

antibodies or clostridial neurotoxins could identify a direct requirement for these proteins

in mediating fusion of B2AR endosomes with late endosomes.

Are these mechanisms utilized in other cell types? B2ARs expressed in HEK293 cells

are predominantly recycled following agonist-stimulation. However, in DDT1-MF2

cells, endogenously expressed B2ARs undergo rapid downregulation following agonist

stimulation. Examining the influence of the PDZ-mediated sorting mechanism and

SNARE proteins on B2AR trafficking in these cells would provide valuable insight into

these sorting mechanisms. Preliminary studies indicate that DDT1-MF2 cells do not

express a detectable amount of EBP50, suggesting that the sorting operation is not

utilized by these cells, which may explain the rapid receptor downregulation. The

expression of other EBP50 family members and SNARE proteins could be examined to

determine the effect of these proteins on B2AR downregulation in this cell type. In

addition, HEK293 cells express undetectable amounts of GRK 5, which is important in

regulating the sorting decision between recycling and degradative pathways. Would

B2ARs undergo agonist-induced degradation in cell lines that express high levels of GRK

5?

As our studies have focused on B2ARs expressed in HEK293 cells, the endocytic

trafficking of B2ARs in more specialized cell types, such as polarized epithelia or

neurons could be examined. Studying the trafficking between specialized membrane
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domains in these cell types may uncover additional sorting mechanisms not utilized in

fibroblasts. Additionally, examining the in vivo function of these trafficking mechanisms

will be important since the mechanisms described play a significant role in regulating

signal transduction.
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