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ABSTRACT. Enterotoxigenidscherichia colelaborate a peptide called heat-stable enterotoxin {@hjch

binds to and activates the intestinal ST receptor (STaR). STaR, also known as guanylyl cyclase C (GC-
C), is a member of the transmembrane guanylyl cyclase receptor family. The mRNA for STaR encodes
an ~120 kDa protein with theN-terminal ligand binding domain on the cell surface. Ligand affinity
cross-linking studies have previously demonstrated several species of potential ST binding proteins, ranging
in size from~50 to 160 kDa. Although these smaller forms of STaR-{B0 kDa) have been proposed

to actin »ivo as toxin binding proteins, their biogenesis and localization have not previously been examined.
Using pulse labelingn »izo and synchronized translatidn vitro, we demonstrate that these smaller
forms represent incomplete translational products and are not formed through limited proteolysis of the
full-length receptor, as had previously been believed. We determined, using fluorescence confocal
microscopy and surface labeling, that ori25% of cellular receptors are expressed at the surface, while
the remaining population is retained within the endoplasmic reticulum. Only full-length receptor is found
at the surface of the cell, indicating this to be the biologically active form of STaR responsible for interacting
with the heat-stable enterotoxin and other luminal intestinal peptides. The large intracellular receptor
population, and potential for function before translocation to the cell surface, may impact on how
pharmacologic modulators of this clinically important receptor are designed.

Infection with enterotoxigeni&scherichia colis a leading environment, and are expressadvivo as a single protein
cause of diarrheal disease in travelers and in infants in theproduct. The mRNA for STaR is predicted to encode a
Third World (Dupont & Ericsson, 1993). Most of these protein of ~120 kDa with theN-terminal ligand binding
enterotoxigenic strains elaborate a peptide called heat-stablelomain on the cell surface (Schulz et al., 1990). Northern
enterotoxin (ST), which binds to and activates the cell surface analysis of STaR demonstrates a single 3.7 kb mRNA
transmembrane ST receptor (STaRYhe toxin—-receptor species, without evidence for alternative splicing (Schulz et
interaction produces increases in intracellular cGMP, which al., 1990, 1992). Surprisingly, ligand affinity cross-linking
then stimulates the cystic fibrosis transregulator chloride studies of STaR have demonstrated several species of ST
channel, causing secretory diarrhea (Chao et al., 1994; Tienbinding proteins, ranging in size frony50 to 160 kDa
etal, 1994). STaR, also known as guanylyl cyclase C (GC- (Cohen et al., 1993; Hakki et al., 1993; Hirayama et al., 1992;
C), is a member of the transmembrane guanylyl cyclase lvens et al., 1990; Katwa et al., 1991; Vaandrager et al., 1993,
receptor family (de Sauvage et al., 1991; Drewett & Garbers, 1994). Although these smaller forms have been hypothesized
1994; Schulz et al., 1990). Other members of this diverse to actin »izo as toxin binding proteins, their biogenesis and
receptor family include the atrial natriuretic peptide receptors potential biological role remain undefined. To better under-
(GC-A and GC-B) and the retinal and ocular guanylyl stand how the translational and posttranslational processing
cyclases (GC-D and GC-E) (Shyjan et al., 1992; Yang et of STaR might affect its biological function, we examined
al., 1995). its biogenesis and cellular compartmentalization using comple-

Most transmembrane receptors are synthesized as singlénentaryin vitro andin vivo approaches. These findings
polypeptide chains that are targeted to the cell surface, wheremay impact on how we design and deliver pharmacologic
their extracellular domains interact with the extracellular modulators of this clinically important receptor.
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Table 1: Receptor Constructs

Designation

Bt STAR

Schematic Representation

PLAGt:STAR

Ligand Binding Domain

Kinase Homology Domain

Cyclase Domain

quence. A schematic view of these constructs is shown in
Table 1.

Metabolic Labeling, Immunoprecipitation, and Endo-H
Digestion. COS-7 cells grown in six-well plates, 48 h after
transfection with HA-tagged STaR as described previously
(Rudner et al., 1995), were washed once with PBS, and
starved for 2 h at 37C in 0.5 mL of DMEM without
cysteine and methionine (CysMet", DMEM). Cells were
metabolically labeled for 5, 15, or 30 min in the same
medium containing 502Ci/0.5 mL Expres (Dupont)®fS]-
protein labeling mix. Cells were rinsed once with PBS and
chased in DMEM with 25 mM methionine. After designated
chase times, cells were washed twice with ice-cold PBS,
solubilized in RIPA buffer (250 mM NacCl, 1% NP-40, 0.5%
deoxycholic acid, 0.1% SDS, 5 mM EDTA, 50 mM Tris-
HCI, pH 8.0) supplemented with 32g/mL PMSF and 20
ug/mL aprotinin. Lysates were incubated with 0 of 50%
protein A—Sepharose CL-4B (Pharmacia) for 1 h at@
(preclearing step). Protein-ASepharose was removed by
centrifugation at 14 000 rpm for 1 min in an Eppendorf
microfuge at 4°C. The supernatant was removed and
incubated with 2ug of anti-HA (Boehringer) monoclonal
antibody (Mab) for 1 h at £C. Fifty microliters of 50%
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each sample, and samples were heated tdC7%r 5 min
and processed by SDAGE as above.

In Vitro Transcription and Translation.The 3.4 kb cDNA
for the human ST receptor (STaR) was subcloned from
Bluescript SK (Stratagene) into th&hd and Pst sites of
Pcite-2a, which contains a T7 promoter and a segment of
the encephalomyocarditis virus (EMCV) RNA/oncoding
region (Novagen Corp., Madison, WI). The plasmid DNAs
were transcribed with T7 RNA polymerase followed by
translation in a rabbit reticulocyte lysate using Single Tube
Protein System 2 (Novagen). Ten microliters of RNA
transcripts from 0.9 of plasmid was translated in 30
reactions containing AL of canine pancreatic microsomal
membrane (Promega Corp., Madison, WI) and:4T1 of
[®®S]methionine. Translation reaction mixtures were incu-
bated at 30°C for 60 min. To perform a synchronized
translation, translation reactions of desired volume were
prepared as described above. The reaction was prewarmed
at 30°C for 2 min before the addition of the transcription
mixture at time 0 min. To the synchronized translation, the
initiation inhibitor 7-methylguanosine€-#nonophosphate (4
mM final concentration) was added at time 2 min. Twenty-
five microliters of the reaction was taken at the times
indicated in the figures and incubated with @I50f 10 mg/
mL RNase A at room temperature for 5 min.

Translation products were diluted 20-fold with RIPA
buffer for immunoprecipitation. For HA-tagged protein
samples, 1Qug of anti-HA Mab was used to immuno-
precipitate samples as described above. Proteins were
resolved by SDSPAGE as described above and visualized
after overnight exposure to Biomax MR Kodak film.

Production of Stable Cell LinesAt 50—70% confluence,
293 cells were cotransfected with 29 of PME18S-STaR
and 5ug of PSV-Neo (a plasmid containing neomycin
resistance) in the presence of calcium phosphate and chloro-
quine (Sambrook et al., 1989). Neomycin-resistant colonies
were transferred to 24-well plates and propagated for cGMP

protein A—Sepharose CL-4B was added to the supernatantassay and Western blot. Clones with cGMP production in

antibody mixture and incubation continued for 1 h &tCl
The immune complexes were recovered by centrifugation
at 14 000 rpm for 30 s at 4C. The immune complexes
were washed 2 times with 1 mL of RIPA buffer supple-
mented with 200 mM ammonium sulfate and once with
RIPA buffer. The immune complexes were disassociated
from the protein A-Sepharose by heating for 5 min at 75
°C in 30 uL of 2x SDS sample buffer with DTT. The

response to ST and high-level expression of STaR were
chosen for subsequent studies.

Surface Labeling. To label STaR located on the cell
surface, 293 cells stably transfected with FLAG-STaR were
grown in 10-cm plates 4872 h prior to use. Cells were
gently removed from the plate by spraying PBS through a
pipet and resuspended in 4.5 mL of PBS. Anti-FLAG Mab
was added to each cell suspension to a final concentraction

released protein was analyzed by electrophoresis on a 7.5%of 20 ug/mL, and then cells were incubated at@ for 1 h

SDS gel. The gel was fixed in 25% 2-propanol and 10%
acetic acid for 30 min and enhanced by soaking in Amplify
(Amersham, Arlington Heights, IL) for 15 min. After
fixation, the gel was dried at 80C for 1 h and exposed
overnight to BioMax MR film (Kodak). The amount of
receptor precipitated was always linear with respect to the
amount of receptor protein present in the preparation.

For endo-H digestion after immunoprecipitation, antigen
antibody complexes were eluted from protein-8epharose
by incubation at 78C for 5 min in 20uL of 2x SDS sample
without DTT, followed by centrifugation at 14 000 rpm at 4
°C for 30 s to pellet protein ASepharose. The supernates
were incubated with JuL (500 units) of endo-H (New
England Biolab) for 1 h at 37C. Twenty microliters of
2x sample buffer containing 400 mM DTT was added to

on a rotater. Cells were washed with PBS twice and lysed
in 4.5 mL of RIPA buffer at £C for 10 min. After removal

of cell debris by centrifugation, the cell lysate was incubated
with 80 uL of 50% protein A-Sepharose for 1 h at 4C.

The immune complex was collected, and the proteins were
released as described above. To label total cellular STaR,
cells were lysed prior to the incubation with anti-FLAG Mab,
and regular immunoprecipitation was performed as above.

Immunostaining of Cultured Cell293 cells were grown
on poly(-lysine) (Sigma) coated cover slips. Cells were
washed with PBS and fixed in PBS containing 4% paraform-
aldehyde. After fixations, cells were washed with PBS; cells
were permeabilized and stained with both primary and
secondary antibodies in a buffer containing PBS, 0.1% Triton
X-100, and 4% fetal calf serum.
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FiGure 1: In vivo metabolic labeling of STaR. The left lanes &) show molecular weight standards. Samples labeled-p&pre
immunoprecipitated with the anti-HA Mab in the absence of HA peptide. As negative controls, samples labeled were immunoprecipitated
with anti-HA Mab after preincubation with an50-fold excess of the HA peptide (pep Bands present only in the péplanes are
nonspecific.

RESULTS

Biogenesis of STaR in&b. Affinity cross-linking studies =
using [?™])STa have revealed several species of ST binding e
proteins, both in crude intestinal membranes and in cultured
cells expressing recombinant STaR (Cohen et al., 1993;
Hakki et al., 1993; Hirayama et al., 1992; Ivens et al., 1990,
Katwa et al., 1991; Vaandrager et al., 1993, 1994). These
findings have led to the hypothesis that STaR undergoes
limited proteolysisn vivo and that proteolytically generated
forms might play a biologically significant role (Deshmane i Eld
et al.,, 1995; Hirayama et al., 1992; Ivens et al., 1990; EndoH - -+
Vaandrager et al., 1994). To further examine this hypothesis, HA peptide + o
we performed pulsechase studies in COS cells expressing pep
e e O e e S 1§ chio e s s o o o
sized Srecepto_rs. After being labeled v\{|t?ﬁ’3]meth|on|ne (top to bottom) are 200, 97.4, 68, and 43 kDa. Translation of HA-
f’and E°Scysteine, cells were washed _W'th cold PBij lysed STaR was performed for 60 min in the presence of canine
in RIPA buffer; HA-STaR was then immunoprecipitated. microsomal membranes, and products were immunoprecipitated
Proteins were resolved by SBPAGE and analyzed by  with anti-HA Mab (HA peptide-) or with anti-HA Mab preincu-
fluorography. Figure 1A depicts a 30 min pulse, revealing bated with HA peptide for control (HA peptiel§. Samples were
four major protein products: 140, 120, 66, and 50 kDa (seen t3h7e£10treated with endo-H (endo+# or without endo-H for 1 h at
in pep lanes). Figure 1B shows the immunoprecipitation '
of metabolically labeled mock-transfected COS cells (nega- in size from 50 to 140 kDa were all present during the first
tive control), demonstrating the absence of these proteins.5—10 min of metabolic labeling, with only the full-length
Similar results were observed for cells expressing FLAG- species being glycosylated (not shown). This suggests that
STaR after immunoprecipitation with anti-FLAG Mab, the smaller forms may be generated independently of full-
further supporting that these are receptor-specific translationlength STaR.
products (not shown). Pulse&hase studies were also Biogenesis of STaR in VitroTo further investigate the
performed to examine the kinetics of formation and degrada- biogenesis of STaR, and to understand the relationship
tion of these four species. Short pulse (5 min) labeling between full-length STaR and its smaller fragments, we
demonstrated that these same four proteins are all formedperformedn vitro transcription and translation studies. The
within this time period, indicating that they are all formed translation of STaR mRNA using a rabbit reticulocyte lysate
quite early in the translation process (not shown). All four system with microsomal membranes produced radiolabeled
proteins have a half-life of7 h, suggesting that they are proteins with molecular masses of 140, 120, 79, and 50 kDa
metabolically stablén vivo. Figure 1C (15 min pulse, 1 h  (Figure 2). The predominant products were 140 and 120
chase) demonstrates that the 140 kDa form is converted tokDa proteins, consistent with the glycosylated and nongly-
the 120 kDa form upon digestion with endoglycosidase H cosylated full-length receptor shown in the abdmevivo
(endo-H). Since the cDNA is predicted to encode B20 metabolic labeling studies (Figure 1). To further characterize
kDa protein, these results indicate that the core protein is the nature of receptor glycosylation in this cell-free system,
modified to a higher molecular weight species consisting of translated receptor was subjected to immunoprecipitation
high mannose oligosaccharides. The three smaller proteinswith anti-HA Mab followed by digestion with endo-H, which
are resistant to both endo-H (Figure 1C) and PNGase F (notcan cleave high mannose oligosaccharides but not complex
shown), suggesting that they may not have been glycosylatedoligosaccharides. Only the 140 kDa species is sensitive to
The pattern of endo-H sensitivity of the 140 kDa protein endo-H and degraded to the 120 kDa nonglycosylated form.
(Figure 1C) persists through a prolonged (10 h) chase (notAs seenin vivo (Figure 1), the smaller bands were not
shown). Similar results were obtained using 293 cells stably glycosylated, as evidenced by their resistance to endo-H
transfected with HA-STaR. In this cell line, bands ranging (Figure 2) and to PNGase (not shown).
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cence confocal microscopy. In Figure 4A, STaR is visual-
= ized with anti-FLAG Mab followed by FITC anti-mouse 1gG.
=t oo e The endoplasmic reticulum (ER) i_s visualized using antibody
| = q = E| : to TRAP-, a resident ER protein (Antusch et al., 1990;
_— —HEE i"“":"l 5 | Hartmann & Prehn, 1994), and Texas Red anti-rabbit 1gG
- <o BB b (Figure 4B). The FITC staining pattern is consistent with
. T B Dot e vt localization of a limited fraction of receptors on the cell
Ll Tl - surface and gredominantpopulation in the endoplasmic
reticulum (ER). ER staining is shown in red and was
detected using antibody to TRA®- Figure 4C shows that
Time (min) the red and green images are superimposable, indicating
Ficure 3: Time course in synchronized translation of HA-STaR. coloc_allzatlon of STaR and TRA&mFracellularly. Double-
Molecular mass markers in the far right lane (top to bottom) are labeling immunofluorescence studies were also performed
200, 97.4, 68, and 43 kDa. Samples were taken at 0, 5, 10, 15, 20,in the Caco-2 colonic cell line, which naturally expresses
30, 45, 60, and 90 min of incubation, and the products were |ow levels of human STaR. For these experiments we used
immunoprecipitated with anti-HA Mab or anti-HA Mab preincu- (1) 2g12, a monoclonal Ab directed to the extracellular

bated with 10Qug of HA peptide (pep control) and analyzed by - . . .
SDS-PAGE and autoradiography. A positive control cDNA domain of STaR with FITC anti-mouse I9G (Figure 4D),

encodings-galactosidase produced a major translation product of and (2) anti-TRARa with Texas Red anti-rabbit IgG (Figure
appropriate size but did not show the smaller size proteins seen4E). Figure 4D demonstrates the FITC staining of STaR

with STaR cDNA (not shown). localized intracellularly, with limited surface staining. Figure
] . 4E shows Texas Red staining in this same microscopic field,

To determine whether there is a precursproduct  gelineating the ER. This confirms that our findings in

relationship between the full-length receptor and smaller ransfected cells (4AC) are representative of the biology
fragments, we analyzed the appearance of STaR at differenin intestinal cells that naturally express STaR. Additional
time points in synchronized franslatian vitro. In this  double-labeling studies using the organelle-specific markers
approach, protein synthesis is initiated by addition of a anticaveolin and transferrin (Anderson, 1993; von Zastrow

reticulocyte lysate to the receptor cRNA, and after 2 min, 4 g Kobilka, 1992) clearly indicated that the intracellular

mM 7-methylguanosine'&monophosphateGP), a spe-  |ocalization of STaR was distinct from that of intracellular
cific inhibitor of initiation, is added to the translation mixture.  caveoli and endosomes (not shown).

The addition of mGP prevents subsequent protein initiation
but does not inhibit synthesis of nascent polypeptide chams.the distribution of STaR and whether liganceceptor

Becausg the .|n|t|at|o_n time |_nterval (2 min) is short N interactions are altered by the anti-FLAG and 2g12 Mab'’s.
comparison with the time required to complete the synthesis Exposure to ligand (4M ST) does not interfere with binding

and translocatlon of STaR (20 min; data not shown), the f antibody to receptor-expressing cells. Exposure of cells
metabolically labeled receptors are assumed to be synthesize anti-FLAG and 2912 Mab (L@g/mL) did not interfere

in synchrony as a cohort population (Rothman & Lodish, with the cGMP response to ST. This allows the use of

1977). , i , i antibody to localize intracellular receptors by confocal

Sy.nchromzed translations were carried out in the Presencejmmunofiuorescence microscopy, with the knowledge that
of microsomal membranes, and these results are shown ifyey o not interfere with ligand-induced cell signaling. No
Figure 3. Samples were taken at different times, and the gitterence in cellular localization was detected after-80
products werﬁ immunoprecipitated ang resr?lveg by SDS  min exposure to saturating doses of ST (data not shown).
PAGE. Smaller fragments are formed within the first 10 . .

: . e Surface Labeling In the above studies, we demonstrated
Ténrhmh;fdt?:a?ﬁéfgggdlzgggztbgg?nﬁ m?;gbsleé\éidlggeéhat a substantialg fraction of the receptor population is

y X glycosy retained in the endoplasmic reticulum. In order to quantitate

form of STaR (140 kDa) appeared after 20 min. These the relative amounts of intracellular and cell surface receptor,

smaller bands are seen prior to full-length forms; the relative we performed surface labeling of stably transfected 293 cells
amount of these translation products remains stable over time. P 9 y

This indicates that the smaller products are likely to representgi';\(g3 teh?toanetl_llczjlc_:gtces d'\i/r|1attr)1é l;lr-qlesrrr?igg?ggt{arce;ﬁﬁgrlZdzsmtahiﬁ
premature termination products. pHtope,

Subcellular Localization of STaRUsing ligand-based of FLAG-STaR. Figure 5 shows the quantity of both total

histochemical techni we previously demonstrated th tceIIuIar receptor and surface receptoriti0’ cells. On the
S‘IS:;F(Q: is Iogzilizgg io ?r:{tiz’tin; 2neter(())zs )(/es ewhcherZ tﬁeere iSG;Ibasis of densitometry scanning, the surface-labeled material

. X . . ytes, i comprised~25% of the total cellular receptor population.
gradient of increasing expression from crypt to villus. These

studies also suggested that a large popuiation of ST receptor%rhis distribution is consistent with the confocal immuno-
in rat intestinal cells are intracellular (Almenoff et al., 1993). luoresence staining shown above (Figure 4). Only the

The micr ic resolution of th liand-based localizati nglycosylated 140 kDa protein was found at the cell surface.
€ microscopic resolution ottnese ligand-based loCallzalion 1 | ver molecular weight bands represent a small fraction
studies was limited, however, by the low avidity of the toxin

: . of the total cellular receptor and were not detected at the
probe. Consequently, the intracellular compartmentalization
: ) cell surface.
of STaR could not be precisely delineated.
Using a variety of monoclonal antibodies and receptor- piscuUsSION
expressing cell lines (Figure 4AC, transfected 293 cells;
Figure 4D,E, Caco-2 human colonic cell line), we were able  The cellular localization and posttranslational processing
to establish the cellular localization of STaR using fluores- of signal transduction proteins have a major impact on their

PP 90 60 45 30 20 15 10 5 0

control

We also examined whether exposure to ligand would alter
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. E
Ficure 4: Subcellular localization of STaR using double labeling immunofluorescence. Stably transfected 293 cells expressing FLAG-
STaR were grown on cover slips and then fixed and permeabilized. (A) The images in green depict the cellular localization of FLAG-
STaR. Cover slips were incubated with FLAG-Mab (L@) followed by FITC anti-mouse IgG (secondary Ab). (B) The images in red
delineate the ER. TRARR; a resident ER protein, was detected using a specific polyclonal Ab antibody (from Dr. C. Nicchitta, Department
of Cell Biology, Duke University). This was followed by incubation with Texas Red anti-rabbit IgG (secondary Ab). (C) An RGB image
superimposing red and green channels is shown. Yellow areas represent regions of overlap. MagnificationNo@88ed-through was
detected at either wavelength. No staining with FLAG-Mab and FITC secondary Ab was observed in nontransfected controls. (D and E)
Double labeling of Caco-2, a human intestinal cell line, stained with Mab 2g12, which is specific for the extracellular domain of STaR, and
also with TRAPe, followed by Texas Red-conjugated anti-rabbit and FITC-conjugated anti-mouse secondary antibodies (Jackson
Laboratories). Fluorescence microscopy was performed using standard filter sets for Texas Red and FITC. (D) This figure shows FITC
staining of Caco-2 cells, reflecting the cellular localization of STaR. (E) Texas Red emission is shown here, demonstrating the distribution
of TRAP-q, a resident ER protein. No bleed-through was detected in parallel controls stained separately with either 2g12/anti-mouse FITC
or TRAP-o/anti-rabbit Texas Red.

Flag Peptide -+ -4 al., 1993). To understand the biogenesis of these smaller
forms, we performed pulsechase studies to establish the
200 - metabolic fate of newly synthesized receptors. These studies
bt ‘ demonstrated that the four proteins are all formed quite early
97.4 - T in the translation process. These proteins consist of the full-
| S— 1

length glycosylated receptor (140 kDa), a nonglycosylated
Surf: T .
R;cﬁfgr Oﬁilcgstl(l;;lar form of the full-length receptor (120 kDa), and two minor

Ficure 5: Surface labeling. 293 cells stably expressing FLAG- protein bands of 50 and 60 kDa, neither of which is
STaR were incubated with anti-FLAG Mab, followed by immu- glycosylated. All four proteins have a half-life of7 h, and

noprecipitation, and Western blot as descrbed in Experimental their relative amounts remain constant over time, suggesting
Procedures. FLAG peptigle represents controls in which anti-  that they are all metabolically stable. The data suggest that

FLAG Mab was preincubated with 2Q@/mL FLAG peptide for — smaller forms of STaR are generated independently of the

ll h ?t 4°C prior to the addition of STaR-expressing cells or cell ¢, jangth receptor and that, in contrast to previous hypoth-
ate. !

v eses (de Sauvage et al., 1992; Vaandrager et al., 1993), they

function and regulation. These factors also play a key role '€ Not generated by proteolysis of the full-length proein

in the design and targeting of drugs to modulate signal ¥/20- Instead, they may reflect the presence of either
transduction. In this report, we describe the biogenesis,premature termination or translational pause sites (Wolin &
posttranslational processing, and subcellular localization of Valter, 1988).
STaR. These studies demonstrate an unusual pattern of The above findings are further supported toy vitro
biogenesis and cellular localization for this transmembrane translation studies. The translation of STaR mRNA in the
ligand receptor and elucidate the biological relevance of presence of microsomal membranes using a rabbit reticulo-
previous biochemical findings. cyte lysate system produces radiolabeled proteins with
Ligand affinity cross-linking studies done by many molecular masses of 140, 120, 79, and 50 kDa (Figure 2),
laboratories have demonstrated several species of ST bindingonsistent with the affinity labeling studies of other labora-
proteins ranging in size from50 to 160 kDa both in the  tories (Cohen et al., 1993; Hakki et al., 1993; Hirayama et
intestine and in cells expressing recombinant STaR (Cohenal., 1992; Ivens et al., 1990; Katwa et al., 1991; Vaandrager
etal., 1993; Hakki et al., 1993; Hirayama et al., 1992; Ivens etal., 1993, 1994). The predominant products were 140 and
et al.,, 1990; Katwa et al., 1991; Vaandrager et al., 1993, 120 kDa proteins, with glycosylation profiles that were
1994). Northern analysis has demonstrated that STaR is adentical to the abovén vivo metabolic labeling studies
single 3.7 kb mRNA,; hence these smaller forrid 20 kDa) (Figure 1). In addition, synchronized translation was per-
do not arise from alternative splicing. Some investigators formed to determine whether there is a produmtecursor
have hypothesized that these truncated forms play a physi-relationship between the full-length receptor and smaller
ologic role (Deshmane et al., 1995; Hirayama et al., 1992; fragments. In these experiments, 4 mM 7-methylguanosine
Ivens et al., 1990; Vaandrager et al., 1994), and others have5'-phosphate’mGP), a specific inhibitor of initiation, was
suggested that they represent proteolytic degradation product&dded to the translation mixture, and the metabolically
(Cohen et al., 1993; de Sauvage et al., 1992; Vaandrager etabeled receptors were synthesized as a synchronized cohort
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population (Rothman & Lodish, 1977). The 50 and 79 kDa staining is faint compared to the intense intracellular signal.
protein products were formed within the first 10 min of the These observations were corroborated by surface labeling
translation, while the full-length receptor was first detected (Figure 5), which revealed that onty25% of the receptor
at 15 min, and full-length STaR production reached steady population was at the cell surface. This is in contrast to
state at 20 min. Only the full-length receptor is glycosylated other transmembrane receptors, including the tyrosine kinase
in the presence of microsomes. The smaller bands appeaand G-protein-coupled receptors, where the predominant pool
before the full-length receptor is synthesized, and the relativeresides at the cell surface (Barak et al., 1994; Heldin, 1995;
amount of these translation products remained stable overvon Zastrow & Kobilka, 1992). Our surface labeling studies
time. This indicates that the smaller products are likely to did not identify ligand-mediated changes in the density of
represent premature termination products that are not transsurface receptors. Interestingly, recent studies by Urbanski
ported to the cell surface and that full-length STaR is not et al. suggest that STaR is rapidly internalized and recycled
cleaved to form these smaller products. back to the cell surface after binding ST. This finding is
Other workers have hypothesized a biological role for these consistent with our observations that ligand stimulation does
N-terminal fragments of STaR. The current studies dem- not lead to recruitment of additional receptor to the cell
onstrate using both vitro andin vivo approaches that the  surface, as descibed for other intracellular receptors including
smaller forms of STaR that we and others observe representhrombin, theo-adrenergic receptor, and the glut-4 glucose
premature termination products. These products are neithettransporter (Hein et al., 1994; James & Piper, 1994; von
glycosylated nor transported to the cell surface but are insteadZastrow & Kobilka, 1992).
retained in the cell. Vaandrager et al. (1994) have previously Defining the biological role of this intracellular receptor
proposed that full-length STaR and N-terminal receptor population will be an interesting area for future investigation.
fragments associate at the cell surface to form a functional Signal transduction by intracellular receptor subpopulations
heterooligomer as described for the TBFeceptor subtypes  has been demonstrated for the angiotensin Il receptor (De
(Henis et al., 1994). This hypothesis was based on indirect Mello, 1994) and also for the PDGF receptors (Keating &
evidence including ultracentrifugation and radiation inactiva- Williams, 1988). Guanylin is the only putative ligand that
tion techniques. The current studies take a more direct has been identified for STaR; however, its cellular distribu-
approach, using metabolic and cell surface labeling, andtion differs from that of STaR (Currie et al., 1992; Giannella,
reveal that only the full-length receptor is glycosylated and 1995; Schulz et al., 1992). Recent studies by Urbanski et
translocated to the surface. Recent work suggests that thel. (1995) have demonstrated that ST is internalized by T84
binding of ST and of guanylin (Deshmane et al., 1995; Forte cells and thus raise the possibility that endogenous ligand(s)
et al., 1993) to GC-C has multiple affinity states and has for STaR may also be internalized by enterocytes.
led to the speculation that truncated forms at the cell surface Another question that arises from this work involves the
could account for these findings. More likely, these multiple mechanism by which the intracellular receptor population
affinities result from ligand-induced allosteric mechanisms is retained within the cell. Specific intracellular retention
influencing the conformational state of the full-length recep- sequences have been identified for other transmembrane
tor (DeMeyts et al., 1976; Jewett et al., 1993;, Milligan & proteins including the erythropoetin receptor protein and the
Koshland, 1991), rather than receptor heterogeneity at theimmunoglobulins. These retention signals are believed to
cell surface. Recently, we have developed dominant inhibi- provide posttranslational control of protein expression.
tory mutants of STaR, which indicate that oligomerization Alternatively, this large intracellular population may repre-
of full-length STaR is necessary for activation (Rudner et sent selective retention by intracellular chaperones of mis-
al., 1995). The findings presented here are consistent withfolded receptor molecules (Doms et al., 1988; Hammond &
this paradigm, because activation requires homooligomer-Helenius, 1994; Watowich et al., 1994). We have previously
ization of full-length receptors but does not require associa- shown that STaR spontaneously forms homooligomers
tion with N-terminal fragments. (Rudner et al., 1995); thus it is possible that some of these
We were surprised to observe persistent endo-H sensitivity oligomers might be improperly folded or assembled, resulting
of STaR, since endo-H resistance is usually acquired afterin ER retention. Furthermore, we observe that the surface
terminal processing in the trans-Golgi stacks. The extra- receptor is glycosylated. Therefore, the nonglycosylated or
cellular domain of StaR has several potential N-linked improperly folded forms might be retained in the ER.
glycosylation sites; it is possible that not all of them are Retention of proteins in the ER is thought to be a mechanism
terminally modified en route to the cell surface. Persistent for quality control, as has been described for several other
endo-H sensitivity has previously been described forathe membrane proteins (de Silva et al., 1990; Hurtley &
chain of MHC class Il, which has two-Nhked carbohydrate ~ Helenius, 1989).
units, one of which is terminally processed to the complex In summary, using complementany vitro andin vivo
(endo-H resistant) form while the other retains high mannose approaches, we have demonstrated that only full-length STaR
properties (i.e., endo-H sensitivity) (Alting-Mees & Barber, is translocated to the cell surface and is thus the only species
1986). In contrast, the smaller forms of STaR were not available to interact directly with the extracellular environ-
glycosylated eithein vitro orin vivo. This further supports ~ ment. In contrast to previous hypotheses, we have demon-
the view that these smaller forms represent incompletely strated that the smaller forms represent incompletely pro-
processed translation products. cessed forms of STaR that are not transported to the cell
Confocal immunofluorescence microscopy was used to surface. We have identified a large intracellular population
determine the precise localization of STaR. We establishedthat may undergo spontaneous oligomerization and may have
that a large population of STaR was located intracellularly the capacity to be activated in the intracellular milieu.
in the ER of several different cell types including the Caco-2 Further understanding of how guanylin and other potential
intestinal cell line. In these figures (44E), the surface  endogenous ligand(s) interact with STmRvivo will enable
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us to use this new information for the design of novel agents Hein, L., Ishii, K., Coughlin, S. R., & Kobilka, B. K. (1994).

to regulate intestinal secretion. Biol. Chem. 26927719-27726.
Heldin, C.-H. (1995)Cell 80, 213—-223.
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