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Thus, the Bnilp FH2 domain is an actin 
nucleator with unique properties for polarizing 
growing filaments. In vitro, BnilpFHlFH2 
stimulates assembly of unbranched filaments 
and associates with their barbed ends, yet still 
permits barbed-end growth. In vivo, yeast 
formins direct assembly of actin cables (7, 8) 
that radiate from discrete regions of the grow- 
ing cell cortex (28) where the formins are lo- 
calized (2, 29-31). Unidirectional movements 
of a cable-dependent myosin-V indicate that 
cable filaments are oriented with their barbed 
ends directed toward the growing cortex (32), 
and in vivo actin cable dynamics have shown 
that cables assemble at these sites (33). Our 
observations suggest that Bnilp directly nucle- 
ates cable filaments and tethers them by their 
growing barbed ends, establishing their polari- 
ty. Conservation of this mechanism may ex- 
plain the roles of formins in the assembly of 
unbranched filamentous actin arrays in other 
eukaryotes. 
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Recycling of the mu opioid receptor to the plasma membrane after endocytosis 
promotes rapid resensitization of signal transduction, whereas targeting of the 
delta opioid receptor (DOR) to lysosomes causes proteolytic down-regulation. 
We identified a protein that binds preferentially to the cytoplasmic tail of the 
DOR as a candidate heterotrimeric GTP-binding protein (G protein)-coupled 
receptor-associated sorting protein (GASP). Disruption of the DOR-GASP in- 
teraction through receptor mutation or overexpression of a dominant negative 
fragment of GASP inhibited receptor trafficking to lysosomes and promoted 
recycling. The GASP family of proteins may modulate lysosomal sorting and 
functional down-regulation of a variety of G protein-coupled receptors. 
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Ligand-induced endocytosis contributes to the 
physiological regulation of a wide variety of 
signaling receptors. Many G protein-coupled 
receptors (GPCRs) are endocytosed by a mech- 
anism involving receptor phosphorylation, in- 
teraction with nonvisual (beta-) arrestins, and 
concentration in clathrin-coated pits [reviewed 
in (1, 2)]. However, the functional consequenc- 
es of GPCR endocytosis through this conserved 
cellular mechanism are diverse. Trafficking of 
internalized GPCRs by a rapid recycling path- 
way restores the complement of functional re- 
ceptors in the plasma membrane and promotes 
resensitization of receptor-mediated signal 
transduction (1, 3, 4). In contrast, the sorting of 
internalized GPCRs to lysosomes promotes 
proteolytic down-regulation of receptors, lead- 
ing to a prolonged attenuation of cellular signal 
transduction (3, 5, 6). Furthermore, the post- 
endocytic sorting of certain GPCRs can itself be 
regulated under physiological conditions (7). 

Mu opioid receptors (MORs) and DORs 
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are structurally homologous GPCRs that me- 
diate the actions of endogenously produced 
opioid neuropeptides and exogenously ad- 
ministered opiate drugs. Both receptors are 
endocytosed via clathrin-coated pits after ag- 
onist-induced activation, phosphorylation, 
and association with cytoplasmic beta-ar- 
restins (8, 9). However, previous studies sug- 
gest that endocytosis causes different effects 
on MOR as compared to DOR (6, 10-12). A 
FLAG epitope-tagged DOR [DOR-1 (13)] 
expressed in stably transfected human embry- 
onic kidney (HEK) 293 cells (14) exhibited 
pronounced down-regulation within 3 hours 
of exposure to opioid peptide agonist, where- 
as FLAG-tagged MOR [MOR-1 (15)] ex- 
pressed at similar levels did not down-regu- 
late (Fig. 1A) (16). A biochemical assay that 
specifically measures the fate of surface-bi- 
otinylated receptors (12, 17, 18) indicated 
that DOR but not MOR was rapidly proteo- 
lyzed after agonist-induced endocytosis (Fig. 
1B). Fluorescence microscopy indicated that 
exposure of cells to agonist for 90 min caused 
DORs to concentrate in membranes located 
in the perinuclear region of the cells, many of 
which colocalized with the late endosome 
and lysosome markers LAMP1 and LAMP2 
(Fig. 1C) (19). In contrast, MOR was local- 
ized under these conditions in vesicles dis- 
tributed throughout the cytoplasm that failed 
to colocalize substantially with LAMP1 and 
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LAMP2 (Fig. 1C). Replacing the cytoplasmic 
tail of MOR with the corresponding sequence 
from the cytoplasmic tail of DOR enhanced 
down-regulation of ligand-binding sites and 
postendocytic proteolysis of a chimeric mu- 
tant MOR [degrading MOR (D MOR)] after 
endocytosis induced by opioid peptide or the 
highly potent alkaloid agonist etorphine (Fig. 
1, A and B), as shown previously for this 
mutant receptor after morphine-induced en- 
docytosis (12). Conversely, replacing a por- 
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tion of the DOR tail with the corresponding 
sequence derived from MOR inhibited post- 
endocytic proteolysis of a chimeric mutant 
DOR [recycling DOR (R DOR)] (Fig. 1B) 
(20). Furthermore, differences in postendo- 
cytic trafficking conferred by exchanging the 
DOR tail were associated with significant 
effects on the ability of receptors to be func- 
tionally resensitized after prolonged agonist 
stimulation of cells (Fig. 1D) (9, 21). Thus, 
the DOR tail could contain a signal that is not 
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Fig. 1. Postendocytic trafficking of opioid receptors. (A) Agonist-induced down-regulation of opioid 
receptors. Cells stably expressing MOR, DOR, or D MOR (-1 to 2 pmol/mg) were either incubated 
in the presence of the opioid peptide agonist for 3 hours or left untreated. Cells were then chilled 
on ice and washed extensively, and total opioid radioligand binding sites were determined for each 
cell line (16). Both DOR and D MOR showed significant down-regulation, whereas MOR was not 
substantially down-regulated under the same conditions (P < 0.001). Error bars represent SD from 
a representative experiment (n = 3 experiments), with each data point derived from triplicate 
determinations. (B) Postendocytic sorting of MOR, DOR, D MOR, and R DOR was analyzed by biotin 
protection-degradation, which selectively follows the stability of endocytosed receptor protein (12, 
17, 18). Endocytosed DOR and D MOR were extensively proteolyzed after 3 hours of agonist 
treatment, whereas endocytosed MOR and R DOR were stable. + ET 3 hour, exposure to the 
agonist etorphine for 3 hours; + ET 30', exposure to the agonist etorphine for 30 min; NT, 
nontreated. Blots are representative of at least two independent experiments. (C) Internalized DOR 
was colocalized with the late endosome and lysosomal markers LAMP1 and LAMP2 after 90 min of 
agonist {5 FtM [D-Ala2, D-Leu5] enkephalin (DADLE)) incubation (19), whereas MOR was not 
colocalized with LAMPs after 90 min of agonist (5 NLM [D-Ala2, N-Me Phe4, Gly-olS]-enkephalin 
(DAMGO)). Solid arrows, areas of the cells concentrated in LAMP. Open arrows, areas where MOR 
is distributed in areas without LAMP. (D) Functional effects of opioid receptor membrane trafficking 
on signal transduction were assessed by a membrane adenylyl cyclase assay (21) from stably 
transfected cells expressing MOR, DOR, or D MOR. Rapid desensitization of all three receptors was 
observed after a brief (10 min) exposure of cells to agonist (5 JLM DAMGO for MOR and D MOR, 
5 NLM DADLE for DOR). Significant differences were observed between cell lines after pretreatment 
with agonist for 3 hours and then agonist washout and subsequent incubation with opiate 
antagonist (10 [LM naloxone) for 30 min. MOR-expressing cells recovered their ability to mediate 
agonist-dependent inhibition of adenylyl cyclase, consistent with resensitization of receptors 
mediated by recycling (11). In contrast, neither DOR nor D MOR resensitized significantly under 
similar conditions, consistent with the postendocytic sorting to lysosomes and the subsequent 
down-regulation of these receptors (6, 12). Error bars represent SD from a representative experi- 
ment (n = 2 experiments), with each data point derived from triplicate determinations. 

conserved in MOR and controls a function- 
ally important sorting decision that leads to 
receptor trafficking to lysosomes. 

We next sought to identify tail-interacting 
proteins that could modulate sorting of DOR. 
A yeast two-hybrid screen of an HEK293 
cell-derived cDNA library using the DOR tail 
domain as the bait (22) yielded multiple 
clones corresponding to various COOH-ter- 
minal portions of a large predicted protein, 
whose mRNA is expressed in many tissues 
and is enriched in the brain (23). A full-length 
cDNA (KIAA0443) encoding a 1395-residue 
predicted protein was obtained from the Ka- 
zusa DNA Research Institute (23). Affinity 
chromatography using glutathione S-trans- 
ferase (GST) fusion proteins confirmed that 
the cloned interacting protein bound specifi- 
cally to the DOR tail and not to the GST that 
lacked the tail sequence (Fig. 2A) (24). This 
protein bound much more weakly to the cy- 
toplasmic tail of MOR (Fig. 2A) and R DOR 
(25), consistent with a potential function in 
modulating DOR trafficking. We named this 
protein GASP for candidate G protein-cou- 
pled receptor-associated sorting protein. 
Psi-BLAST searches conducted with the 
GenBank database indicated that GASP is a 
previously unknown protein with human, 
rat, and murine homologs (26). 

An antibody to the COOH-terminal 15 
residues of GASP (27) recognized a major 
immunoreactive protein in immunoblots of 
(untransfected) HEK293 cell lysates, which 
had similar electrophoretic mobility to re- 
combinant hemagglutinin (HA)-tagged 
GASP expressed in HEK293 cells (Fig. 2B) 
or produced by in vitro translation (Fig. 2A) 
(28, 29). We used this antibody to assess 
whether endogenous GASP and DOR interact 
in vivo. Although antibody staining of endog- 
enous GASP in fixed cells was not detected 
using fluorescence microscopy, recombinant 
GASP [tagged with HA or green fluorescent 
protein (GFP)] localized throughout the cy- 
toplasm in transfected cells. A fraction of the 
endogenous GASP present in HEK293 cell 
lysates coimmunoprecipitated specifically 
with full-length DOR but not with MOR 
expressed at similar levels (Fig. 2C) (30). 
Conversely, DOR coimmunoprecipitated 
with endogenously expressed GASP, con- 
firming the occurrence and specificity of the 
receptor-GASP interaction in intact cells 
(Fig. 2D). 

GST affinity chromatography was used to 
identify a COOH-terminal fragment of GASP 
(cGASP, corresponding to the COOH-termi- 
nal 497 residues of GASP) that bound spe- 
cifically to the DOR tail, consistent with the 
finding that several two-hybrid hits contained 
this portion of GASP (Fig. 3A). cGASP 
bound to the DOR tail with an apparent af- 
finity comparable to that of full-length GASP 
(Fig. 3B) (24), as indicated by the similar 
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fraction of GASP and cGASP recovered on 
beads when applied at similar concentrations 
and assayed by parallel GST binding (Figs. 
2A and 3B). A GFP-tagged version of 
cGASP stably overexpressed in HEK293 
cells coimmunoprecipitated with wild-type 
DOR but not MOR (Fig. 3C) (30), demon- 
strating that the specificity of the cGASP- 
DOR interaction observed in intact cells par- 
allels that of the DOR-GASP interaction ob- 
served in vitro. cGASP was able to compete 
for binding of full-length GASP to the DOR 
tail in vitro (Fig. 3D) (31). Furthermore, 
GFP-cGASP, when highly overexpressed 
(Fig. 3E), markedly reduced the amount of 
endogenous GASP recovered in DOR immu- 
noprecipitates (Fig. 3E), suggesting that 
cGASP can function in intact cells as a dom- 
inant inhibitor of the interaction between en- 
dogenous GASP and DOR. 

To begin to examine the role of GASP in 
mediating sorting of DOR in intact cells, an 
HA-tagged cGASP construct was expressed 
by transient transfection in cells stably ex- 
pressing FLAG-tagged DOR. Trafficking of 
antibody-labeled receptors was examined by 
fluorescence microscopy, and dual-color la- 
beling was used to identify cGASP-trans- 
fected cells in the cell population (19). Cells 
overexpressing cGASP showed robust inter- 
nalization of DOR in response to the agonist, 
which was similar to that observed in adja- 
cent cells in the specimen not expressing 
cGASP (Fig. 4A). However, after agonist 
washout, an increased amount of DOR im- 
munoreactivity was seen in the plasma mem- 
brane of cells expressing HA-cGASP as com- 
pared to those that did not (Fig. 4A). Thus, 
cGASP could function as a dominant inhibi- 
tor of postendocytic sorting of DOR, consis- 
tent with the ability of cGASP to compete 
with full-length or endogenous GASP for 
binding to DOR both in vitro (Fig. 3D) and in 
vivo (Fig. 3E). 

A dominant negative effect of cGASP on 
lysosomal sorting of DOR was also suggested 
by studies examining the localization of in- 
ternalized DOR relative to the late endosome 
and lysosome markers LAMP1 and LAMP2. 
In cGASP-overexpressing cells, internalized 
DOR exhibited reduced colocalization with 
LAMP after 90-min exposure to the agonist 
(Fig. 4B) as compared to the DOR in cells 
expressing only endogenous GASP (Fig. 1C) 
(19). The effects of cGASP were further 
examined using the biotin protection-degra- 
dation assay (12, 17, 18). In cells overex- 
pressing cGASP, we observed a detectable 
fraction of internalized DOR that was not 
proteolyzed even after continuous incubation 
of cells in the presence of agonist for 3 hours 
(Fig. 4C). Agonist-induced down-regulation 
of DOR (measured by radioligand binding 
assay) was also inhibited in cells overex- 
pressing cGASP (Fig. 4E), and the extent of 

Fig. 2. GASP binding to opioid A B 293+ 
receptors. (A) Recombinant GST- GST- empty 293 HA-GASP 293 

GASP produced by in vitro- DOR MOR GST --GASP 
translation bound selectively to ^ | _ 

a GST fusion protein containing 5175 
the cytoplasmic tail of DOR and IB HA IB GASP 
to MOR with much reduced af- 293 MOR DOR D 293 DOR 
finity (24). (B) An antibody to a IP FLAG 
GASP peptide (27) recognized an BGASP 
endogenous protein in HEK293 
cells that coelectrophoresed IPFLAG 
with recombinantly expressed 
HA-tagged GASP. IB, immuno- B FLAG 

DOR 
blot. Lysates were separated by 
SDS-PAGE and transferred to ni- _ P IGA 
trocellulose, and the blot was cutGP FLAG 
in half before immunoblotting 
with antibodies to HA and GASP. 
(C) GASP selectively bound to DOR but not MOR in vivo (30). Cells stably expressing MOR, DOR 
(-1 to 2 pmol/mg), or no receptor were lysed, and receptors were immunoprecipitated. Precipi- 
tates were immunoblotted for GASP (upper blot) and receptor (middle blot). Lower blot shows 
lysate samples immunoblotted for GASP. Less than 1% of endogenous GASP was immunoprecipi- 
tated with DOR. IP, immunoprecipitate. (D) DOR bound GASP in vivo. HEK293 cells or HEK293 cells 
stably expressing DOR were lysed and GASP was immunoprecipitated. Precipitates were immuno- 
blotted for receptor. Less than 1% of the total DOR was recovered in the GASP immunoprecipitate; 
nevertheless, coimmunoprecipitations conducted in both directions were highly specific. 

Fig. 3. cGASP binding A 1 1395aa 

to opioid receptors. 929-1395 
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vitro (IVT) (24). Ap- \' E 

_ 

proximately 3 to 5% Q c' E 
of the input cGASP . x ' 
was recovered on 
washed GST-DOR. (C) GFP-. gii P FLAG . ...- GASP 
GFP-cGASP bound to cGASP IBGFP 

r 
175 

DOR but not MOR in . 
vivo (30). Cells stably receptor- IkP FLAG 

expressing GFP-cGASPB FLAG 

alone, GFP-cGASP and I 8'. 3 
FLAG-tagged DOR, or I GF.,, c IBGFP 
MOR were lysed, and .. ... 

IP FLAG lB GASP 62 receptors were immu- IP FLAG IB GASP 62 

noprecipitated with GA 

antibody to FLAG. Pre- P FLAG 
- receptor 

cipitates were immu- BFLAG re 

noblotted specifically 
for cGASP using antibodies to GFP (upper blot) or opioid receptor using antibody to FLAG (middle 
blot). Lower blot shows samples of cell lysate immunoblotted for GFP-cGASP. Cells stably 
expressing both DOR and (wild-type) GFPs were analyzed in parallel to ensure DOR was not 
coimmunoprecipitating with GFP. (D) cGASP competed for binding of full-length GASP to the DOR 
tail in vitro. Bacterially expressed MBP-DOR or MBP-lacZ ("empty MBP") was immobilized to 
amylose resin. In vitro-translated full-length GASP bound specifically to the MBP-DOR tail. 
Additions of bacterially expressed and purified GST-cGASP competed for binding of full-length 
GASP to MBP-DOR in a concentration-dependent manner (31). (E) GFP-cGASP competed with 
endogenous GASP for binding to DOR in vivo (30). Opioid receptors were immunoprecipitated from 
cells stably expressing FLAG-DOR alone, FLAG-DOR and GFP-cGASP, or FLAG-MOR. Precipitates 
were blotted for GASP using the anti-GASP peptide antibody to detect endogenous GASP and 
expressed cGASP (left blot), or for opioid receptor using anti-FLAG antibody (lower blot). Lysate 
samples were immunoblotted for GASP (right blot), demonstrating that cGASP was overexpressed 
approximately 40-fold over endogenous GASP. Immunoprecipitates were normalized for receptor 
(to assess the amount of GASP binding per receptor), not total protein; hence slight differences in 
total GASP immunoreactivity were noted between lanes. A small percentage (<1%) of the total 
amount of endogenous GASP was coimmunoprecipitated with DOR in cells not overexpressing 
cGASP. In cells overexpressing cGASP, no detectable endogenous GASP was detected in receptor 
immunoprecipiates, but cGASP (also <1% of total present in the cell lysate) coimmunoprecipitated 
with DOR. 
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Fig. 4. cGASP was a dominant inhibitor of DOR sorting to lysosomes. (A) 
cGASP overexpression facilitated DOR recycling. Cells stably expressing 
FLAG-DOR were transiently transfected with HA-tagged-cGASP, and cells 
were treated either with agonist for 30 min (left panels) or agonist for 30 
min followed by agonist washout and subsequent incubation with antag- 
onist for 30 min (right panels). Endocytic trafficking of antibody-labeled 
DOR was examined by fluorescence microscopy (19). cGASP had no visible 
effect on agonist-induced endocytosis of receptors (left panels; numerous 
endocytic vesicles containing antibody-labeled DOR were observed in 
adjacent cells with and without overexpression of cGASP). However, 
cGASP did affect receptor trafficking after agonist washout. In cells not 
overexpressing cGASP (right panels, solid arrows), antibody-labeled DOR 
remained predominantly in endocytic vesicles after agonist washout, consis- 
tent with efficient sorting of this receptor out of a rapid recycling pathway (6). 
In contrast, in cells overexpressing cGASP (right panels, open arrows) an 
increased amount of DOR was observed in the plasma membrane after 
agonist washout, suggesting increased recycling of internalized DOR. (B) 
cGASP effect on localization of DOR in lysosomes. Stably transfected cells 
expressing both FLAG-DOR and HA-cGASP (all cells express both) were 
treated with opioid peptide agonist (5 JLM DADLE) for 90 min and stained for 
receptor and the late endosome and lysosomal markers LAMP1 and LAMP2. 
Little colocalization of internalized DOR and LAMPs was observed (19), in 
contrast to the substantial colocalization observed under similar conditions in 
cells not overexpressing cGASP (Fig. 1C). (C) cGASP inhibited postendocytic 
proteolysis of DOR. The postendocytic trafficking of DOR was assessed in cells 
stably expressing DOR alone or both DOR and GFP-cGASP using a biotin 
protection-degradation assay to selectively follow the stability of endocytosed 
receptors (12, 17, 18). Endocytosed DOR was completely degraded within 3 
hours after agonist addition to cells not overexpressing cGASP, whereas 
biotinylated DOR was much more stable in cells overexpressing cGASP. (D) 
EGF receptor degradation was not inhibited by cGASP overexpression. Stably 
transfected cells expressing FLAG-DOR or FLAG-DOR together with GFP- 
cGASP were either left untreated or incubated with EGF (5 LiM) for 30 min or 
3 hours. Endogenously expressed EGF receptor was immunoprecipitated and 
analyzed by SDS-PAGE and immunoblot (32). Overexpression of cGASP did 
not detectably inhibit proteolysis of the EGF receptor. (E) cGASP inhibited 
agonist-induced down-regulation of DOR as measured by radioligand binding. 
Cells stably expressing DOR alone or DOR and cGASP were either treated with 
agonist (5 [tM DADLE) for 1 to 3 hours or left untreated. Cells were then 
washed extensively to remove residual agonist, and total ligand-binding sites 
present in cell lysates were determined (16). Agonist-induced down-regulation 
of DOR was significantly inhibited in cells overexpressing cGASP 40 times 
more than endogenous GASP (P < .001) and less significantly in cells that 
overexpressed cGASP only 30 times more than endogenous GASP (P < .05). 
Error bars as in Fig. 1A (n = 3 experiments). (F) Overexpression of full-length 
GASP enhanced DOR down-regulation. Cells stably expressing FLAG-DOR 
together with an NH2-terminal GFP-tagged full-length GASP or expressing 
DOR alone were either left untreated or treated with agonist (5 

B 

i. 
2 

5 

t 
C Dsg~ 

rS 

2 

,e e $;< xS D Q @ 

9 ~~~9 * ,r 
F co I j 8CS 

1 
ec 
13 

J 

1 2 3 1 2 3 
Hours after agonist Hours after agonlst 

t.M DADLE) for 1, 2, or 3 hours. Cells were then washed extensively to 
remove residual agonist, and the total number of ligand-binding sites 
present in cell lysates was determined (16). Data points, mean number of 
opioid binding sites; error bars are as in (E). Agonist-induced down- 
regulation of DOR was significantly enhanced both in rate and in extent in 
cells overexpressing GASP. Inset shows an immunoblot of cell lysates using 
GASP antibodies demonstrating -4-fold overexpression of GASP in these 
cells relative to endogenous levels. We were unable to obtain viable cell 
clones expressing higher levels of full-length GASP. 

inhibition correlated with the overexpression 
of cGASP. However, ligand-induced proteol- 
ysis of epidermal growth factor (EGF) recep- 
tors, a distinct class of receptor tyrosine ki- 
nases that are expressed endogenously in 
these cells and traffic to lysosomes after ag- 
onist-induced endocytosis, was not inhibited 
in cells overexpressing cGASP (Fig. 4D) 
(32). Thus, overexpression of cGASP specif- 
ically inhibited the sorting of DOR to lyso- 
somes without affecting the trafficking of a 
structurally distinct receptor that follows a 
similar endocytic pathway. 

The most dramatic effects on DOR traf- 
ficking and down-regulation were observed 
in cell clones overexpressing cGASP at high 
levels (>30 times that of the endogenous 
GASP) (Fig. 4E), suggesting that the domi- 
nant negative cGASP function is antimor- 
phic. However, cGASP might have exerted 
its dominant negative effect on DOR sorting 
not because it blocked DOR binding to en- 

dogenous GASP, but because it blocked 
DOR binding to a different protein or had 
other cellular effects. In this case, we predict- 
ed that overexpression of full-length GASP, 
which also bound to DOR in vitro and in 
vivo, would inhibit DOR sorting to lyso- 
somes. It was difficult to generate cell lines 
that stably overexpress full-length GASP at 
high levels. Several rounds of selection and 
subcloning produced a cell line that stably 
overexpressed a GFP-tagged version of full- 
length GASP about 4 times more than endog- 
enous GASP levels (Fig. 4F). These cells had 
a doubling time about 3 times that of cell 
clones of DOR-HEK293 that express endog- 
enous levels of GASP or overexpress 
cGASP, suggesting that overexpression of 
full-length GASP was not well tolerated. 
Nevertheless, in these cells down-regulation 
of DOR was not inhibited but was signifi- 
cantly enhanced (Fig. 4F). Although we can- 
not rule out additional effect(s) of full-length 

GASP on cell growth or viability, these re- 
sults suggest that cGASP affects DOR traf- 
ficking by specifically inhibiting the binding 
of DOR to endogenous GASP and support 
the hypothesis that GASP is indeed a sorting 
protein that modulates trafficking of interal- 
ized DOR to lysosomes. 

We next examined whether GASP might 
modulate the endocytic sorting of other (non- 
opioid) GPCRs. A limited survey using GST 
affinity chromatography indicated that 
cGASP interacted with the cytoplasmic tails 
of catecholamine receptors such as the 3-2 
adrenergic receptor (32AR) and the D4 do- 
pamine receptor (Fig. 5A). We also observed 
high levels of binding to the cytoplasmic tail 
of the c(-2B adrenergic receptor, which has 
been shown previously to undergo agonist- 
induced proteolysis (33). In contrast, cGASP 
(and GASP) bound only weakly to the MOR 
tail and did not bind at all (over nonspecific 
background levels) to the cytoplasmic tail of 
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Fig. 5. Interaction of GASP with other GPCRs. (A) A , q C 

Affinity chromatography was used to estimate ?? ,, , o 
binding of in vitro-translated cGASP to GST fusion C 

f @ t 

proteins corresponding to the cytoplasmic tails of " 
several GPCRs (24). cGASP (like full-length GASP) * _ - -cGASP 

bound strongly to the DOR tail and weakly to the 

" 

MOR tail. cGASP bound to the cytoplasmic tail of 
the 32AR nearly as strongly as to DOR. A high B c O4,: - , ? 

amount of binding over background ("empty 1^? C, 

GST") and GST-MOR levels was also observed to 
the human D4 dopamine receptor tail but not to IPReceptor 

the V2 vasopressin receptor tail. (B) GFP-cGASP IBGFP 

bound in vivo to a mutant form of the P3AR, 
* 

P2AR-Ala, that is sorted to lysosomes after endo- P Receptor 

cytosis (7). HA-P2AR-Ala and GFP-cGASP were IB Receptor 
coexpressed in stably transfected cells, and recep- ^ 

_,_t,/ 
tors were immunoprecipitated using antibodies to _ B GFP l 
HA. Precipitates were blotted using antibodies to B GFP 

GFP to detect the cGASP construct (upper blot) or 
antibodies to FLAG to detect receptor (middle blot). Lower blot shows lysate samples immuno- 
blotted for GFP-cGASP (30). (C) cGASP inhibited postendocytic proteolysis of 32AR-Ala. The 
postendocytic trafficking of 32AR was assessed in cells stably expressing P3AR alone, P2AR-Ala 
alone, or 32AR-Ala and c-GASP by using the biotin protection-degradation assay to selectively 
follow the stability of endocytosed receptors (12, 17, 18). cGASP overexpression increased the 
recovery of intact, biotinylated receptors from cells after exposure to the adrenergic agonist 
isoproterenol (iso, 10 FM) for 3 hours. 

the V2 vasopressin receptor (Fig. 5A). The 
lack of GASP interaction with the V2 recep- 
tor tail is consistent with the remarkable abil- 

ity of these receptors to remain in endocytic 
vesicles for a prolonged period of time after 

endocytosis without undergoing any detect- 
able down-regulation (34). The ability of 
GASP to bind to the P2AR tail in vitro was 

initially surprising because 32AR recycles 
efficiently after agonist-induced endocytosis 
and is relatively resistant to proteolysis in 
HEK293 cells (35). However, efficient recy- 
cling of the 32AR in these cells requires a 
distinct set of protein interactions with the 
distal tip of the cytoplasmic tail (7, 36, 37), 
which is thought to be a point of physiolog- 
ical regulation and is disrupted in a mutant 

32AR (P2AR-Ala) that trafficks rapidly to 
lysosomes after agonist-induced endocytosis 
(7). Hence we considered that cGASP might 
also interact in vivo with the P2AR-Ala mu- 
tant receptor and modulate its sorting to ly- 
sosomes. Consistent with this, GFP-cGASP 

coimmunoprecipitated with 32AR-Ala (Fig. 
5B) (30). Furthermore, overexpression of 
GFP-cGASP inhibited degradation of inter- 
nalized 32AR-Ala (Fig. 5C). 

Thus, GASP is a cytoplasmic protein that 
interacts selectively with a subset of GPCRs 
and modulates their endocytic sorting to ly- 
sosomes. Certain GPCRs are targeted to ly- 
sosomes by a conserved mechanism involv- 

ing covalent modification of the cytoplasmic 
tail by ubiquitin (38-40). Previous studies 
have implicated ubiquitinylation of DOR spe- 
cifically in targeting receptors to proteasomes 
(41) but not in receptor trafficking to lyso- 
somes (42), and our in vitro data suggest that 
GASP binds to the nonubiquitinylated DOR 
tail. Despite the ability of GASP to bind to 
the nonubiquitinylated P2AR tail in vitro and 

modulate the trafficking of a mutant 32AR 
to lysosomes in vivo, it is interesting that 

down-regulation of the 32AR in mammali- 
an cells has been shown recently to be 
modulated by ubiquitinylation (40). There- 

fore, it is possible that multiple mecha- 

nisms, involving both covalent modifica- 
tion of the receptor itself and noncovalent 
interactions with proteins such as GASP, 
control the sorting of endocytosed GPCRs 
in mammalian cells. Such complexity in the 

postendocytic sorting machinery might be 
critical for generating the remarkable diver- 

sity and specificity with which signaling 
receptors are regulated in multicellular or- 

ganisms. 
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Cory Teuscher3* 

Bphs controls Bordetella pertussis toxin (PTX)-induced vasoactive amine sen- 
sitization elicited by histamine (V,W\SH) and has an established role in auto- 
immunity. We report that congenic mapping links Bphs to the histamine H1 
receptor gene (Hrh 1/H1R) and that H1R differs at three amino acid residues in 
VAASH-susceptible and -resistant mice. Hrhl'-- mice are protected from 
VAASH, which can be restored by genetic complementation with a susceptible 
Bphs/Hrhl allele, and experimental allergic encephalomyelitis and autoimmune 
orchitis due to immune deviation. Thus, natural alleles of Hrh 1 control both the 
autoimmune T cell and vascular responses regulated by histamine after PTX 
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PTX is a major virulence factor of B. pertus- 
sis, the causative agent of Whooping Cough 
(1). The holotoxin is a hexameric protein that 
conforms to the aot model of bacterial exo- 
toxins (2). The a subunit is an adenosine 
diphosphate (ADP)-ribosyl transferase, 
which affects signal transduction by ribosy- 

'Laboratory Animal Center, Institute of Genetics, Chi- 
nese Academy of Sciences, Beijing, China 100101. 

2Department of Veterinary Pathobiology, University 
of Illinois at Urbana-Champaign, Urbana, IL 61802- 
6178, USA. 3Department of Medicine, University of 
Vermont, Burlington, VT 05405-0068, USA. 4Depart- 
ment of Pathology, University of Virginia, Charlottes- 
ville, VA 22908-0001, USA. 5Medical Institute of 

Bioregulation, Kyushu University, Fukuoka, Japan. 
6Department of Neurology, Oregon Health and Sci- 
ence University and Neuroimmunology Research, 
Veterans Affairs Medical Center, Portland, OR 97201- 
3098, USA. 7Department of Microbiology and Immu- 
nology, MCP Hahnemann University, Philadelphia, PA 
19129-1129, USA. 

*To whom correspondence should be addressed. E- 
mail: cteusche@zoo.uvm.edu 

sensitization. 

PTX is a major virulence factor of B. pertus- 
sis, the causative agent of Whooping Cough 
(1). The holotoxin is a hexameric protein that 
conforms to the aot model of bacterial exo- 
toxins (2). The a subunit is an adenosine 
diphosphate (ADP)-ribosyl transferase, 
which affects signal transduction by ribosy- 

'Laboratory Animal Center, Institute of Genetics, Chi- 
nese Academy of Sciences, Beijing, China 100101. 

2Department of Veterinary Pathobiology, University 
of Illinois at Urbana-Champaign, Urbana, IL 61802- 
6178, USA. 3Department of Medicine, University of 
Vermont, Burlington, VT 05405-0068, USA. 4Depart- 
ment of Pathology, University of Virginia, Charlottes- 
ville, VA 22908-0001, USA. 5Medical Institute of 

Bioregulation, Kyushu University, Fukuoka, Japan. 
6Department of Neurology, Oregon Health and Sci- 
ence University and Neuroimmunology Research, 
Veterans Affairs Medical Center, Portland, OR 97201- 
3098, USA. 7Department of Microbiology and Immu- 
nology, MCP Hahnemann University, Philadelphia, PA 
19129-1129, USA. 

*To whom correspondence should be addressed. E- 
mail: cteusche@zoo.uvm.edu 

lation of the a subunit of trimeric Gi proteins, 
whereas the 1 oligomer binds cell surface 
receptors on a variety of mammalian cells (2, 
3). PTX, when administered in vivo, elicits a 
range of responses including disruption of 
glucose regulation, leukocytosis, adjuvant ac- 
tivity, increased vascular permeability asso- 
ciated with alteration of blood-tissue barrier 
functions, and sensitization to vasoactive 
amines (VAAS) (4, 5). The latter two pheno- 
types are the result of PTX-induced changes 
in vascular endothelial cells. Inbred strains of 
mice differ in susceptibility to vasoactive 
amine challenge after PTX sensitization in 
that genetically susceptible strains die from 
hypotensive and hypovolemic shock, where- 
as resistant strains do not (4). Additionally, 
the genetic control of susceptibility to lethal 
shock is vasoactive amine specific (4) and is 
mediated through a variety of mechanisms 
(6-9). 

Hypersensitivity to histamine after PTX 
sensitization (VAASH) is controlled by an 
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autosomal dominant locus known as Bphs 
(10). Bphs was one of the first nonmajor 
histocompatibility complex-linked genes 
shown to be involved in susceptibility to 
multiple autoimmune diseases (10). Previ- 
ously, we mapped Bphs on mouse chromo- 
some 6 using backcross populations generat- 
ed with susceptible SJL/J and resistant C3H/ 
HeJ and CBA/J mice (10). As the first step in 
positionally cloning Bphs, we generated a 
panel of recombinant, interval-specific con- 
genic lines using marker-assisted selection to 
introgress the SJL/J Bphs allele (Bphss) onto 
the C3H/HeJ background (11). These lines 
were tested for susceptibility to VAASH (Ta- 
ble 1). The results establish that Bphs resides 
within an interval 1 cM between D6Mit107 
and D6Mit41, encompassing Hrhl. Addition- 
ally, homozygous and heterozygous 
C3H.SJL-Bphs line D mice are as sensitive to 
VAASH as SJL/J, over a dose range of 6.25 
to 100 mg/kg (table S1). This is consistent 
with dominance and a lack of gene dosage 
effect at this locus (10). 

It is known that the histamine H1 receptor 
antagonist mepyramine can block VAASH in 
rats (12), and, because Hrhl resides within 
the interval encoding Bphs, Hrhl was a can- 
didate gene for Bphs. Therefore, we cloned 
and sequenced the Hrhl alleles from cDNA 
samples of 14 inbred strains of mice (table 
S2). With the exception of C3H/HeJ and 
CBA/J, all mouse strains are susceptible to 
VAASH. Hrhl sequences from susceptible 
and resistant mouse strains exhibited multi- 
ple, single nucleotide polymorphisms. How- 
ever, among these polymorphisms, only three 
led to distinct and concordant amino acid 
changes in the predicted sequence (L263P, 
M313V, and S331P), all of which distinguish 
C3H/HeJ and CBA/J from all other strains of 
mice (fig. S1). 

The identity of Hrhl as Bphs was further 
verified using C57BL/6-Hrhl-/- (13) and 
C57BL/6-Hrh2-/- (14) mice. Hrhl'- mice 
were completely resistant to VAASH, where- 
as Hrh2-/ mice were fully susceptible (Table 
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