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ABSTRACT. Over 155 mutations within the V2 vasopressin receptor (AVPR2) gene are responsible for
nephrogenic diabetes insipidus (NDI). The expression and subcellular distribution of four of these was
investigated in transfected cells. These include a point mutation in the seventh transmembrane domain
(S315R), a frameshift mutation in the third intracellular loop (804delG), and two nonsense mutations that
code for AVPR2 truncated within the first cytoplasmic loop (W71X) and in the proximal portion of the
carboxyl tail (R337X). RT-PCR revealed that mRNA was produced for all mutant receptor constructs.
However, no receptor protein, as assessed by Western blot analysis, was detected for 804delG. The S315R
was properly processed through the Golgi and targeted to the plasma membrane but lacked any detectable
AVP binding or signaling. Thus, this mutation induces a conformational change that is compatible with
endoplasmic reticulum (ER) export but dramatically affects hormone recognition. In contrast, the W71X
and R337X AVPR2 were retained inside the cell as determined by immunofluorescence. Confocal
microscopy revealed that they were both retained in the ER. To determine if calnexin could be involved,
its interaction with the AVPR2 was assessed. Sequential coimmunoprecipitation demonstrated that calnexin
associated with the precursor forms of both wild-type (WT) and mutant receptors in agreement with its
general role in protein folding. Moreover, its association with the ER-retained R337X mutant was found

to be longer than with the WT receptor suggesting that this molecular chaperone also plays a role in
quality control and ER retention of misfolded G protein-coupled receptors.

Proper water homeostasis is maintained, in part, by thethe principal cells. The AVPR2 is a member of the large
action of the antidiuretic hormone arginine vasopressin family of G protein-coupled receptors (GPCR) that is coupled
(AVP)! on the collecting tubules of the kidney. The principal to the stimulatory G protein (Gs) and, when stimulated with
cells of the collecting tubule are polarized into an apical AVP, raises the intracellular CAMP concentration by activat-
surface that faces the lumen of the collecting duct and a ing adenylyl cyclase. Ultimately, this leads to the insertion
basolateral surface that faces the blood circulation. Upon of aquaporin-2 water channel®) (nto the apical membrane
release from the posterior pituitary, AVP mediates its of the principal cell thus allowing the re-uptake of water
antidiuretic action by binding to the V2 vasopressin receptor (3).

(AVPR2) (1), which is located on the basolateral surface of  Inactivating mutations in the gene coding for the AVPR2
are responsible for an X-linked hereditary disease known as
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believed that in most instances the mutant receptors are beingrechnologies). The presence of AVPR2 cDNA was verified
synthesized and retained intracellularly. However, specific by PCR (same primers as above) by comparing the lengths
retention in a given organelle has been documented for only of the obtained fragments (cDNA of 1361 bp versus genomic
a small subset. DNA of 1468 bp). In addition, the absence®hl digestion
Intracellular retention of mutant proteins has often been (Unique site in intron 2) in the DNA fragments confirm their
linked to prolonged interactions with molecular chaperones CDNA origin. All cDNAs were subsequently sequenced to

in the endoplasmic reticulum (ER) (for a review, see2@f confirm each mutation (Sequenase version 2.0 DNA se-
For several proteins, calnexin has been identified as one ofguencing kit, US_B)- _ _
the molecular chaperone involvea7-30). Since calnexin Western Blotting Forty-eight hours after transfection,

has previously been reported to interact with GPCRY, ( crude membranes from COS-1 cells were prepared by lysing
we sought to determine if it could be one of the chaperones the cells in buffer A (25 mM Tris-HCI, 2 mM EDTA, pH
involved in the intracellular retention of NDI-linked AVPR2 ~ 8.0) containing the following protease inhibitors: 4@/
mutants. For this purpose, the subcellular localization of four mL benzamidine, xg/mL leupeptin, and ag/mL soybean
distinct NDI AVPR2 mutants was assessed, and their trypsin inhibitor (all from Sigma). Cells lysates were further
propensity to interact with calnexin was determined by co- homogenized with a Polytron (3 times 15 s) and cleared of
immunoprecipitation. Here we report that both wild type nuclei and unbroken cells by centrifugation at §@or 10
(WT) and mutant receptors interact with calnexin. However, min. The supernatant was subjected to 450fa 20 min,

ER retention was found to be associated with a longer the crude membrane pellet was washed in buffer A and
interaction time between the mutant AVPR2 and the mo- recentrifuged. The total protein concentration of each sample
lecular chaperone suggesting that calnexin could play a rolewas determined by Bradford assay (BioRad) and samples
in the intracellular retention of misfolded GPCRs. To our containing 10Qug of total protein were either subjected to
knowledge, this is the first demonstration of an extended glycine or tricine 83) sodium dodecy! sulfidepolyacryla-

interaction between calnexin and a GPCR mutant. mide gel electrophoresis (SB®AGE) and transferred to
nitrocellulose (Schleider & Schuell). The nitrocellulose was
EXPERIMENTAL PROCEDURES blocked in phosphate-buffered saline (PBS) containing 5%

_ o ) milk, incubated with anti-myc antibody (9E10 from ascites

~Genomic DNA Amplification and Construction of Expres-  fjyid) followed by horseradish peroxidase-conjugated sheep
sion Vectors Genomic AVPR2 DNA was amplified from  gnii-mouse F(al, fragment (Amersham Pharmacia) and
NDI patients and unaffected related individuals using the (eyealed by chemiluminescence (Renaissance kit, NEN Life
polymerase chain reaction (PCR) with a mutant 27-mer ggjences Products).
oligonucleotide primer bearing lépn | site (8-CCCAGC- Metabolic Labeling and ImmunoprecipitatiorCOS-1
CCCAGGTACCTCATGTCC-3 and a mutant 22-mer oli-  (Eigyre 7) or HEK-293 (Figure 8) cells expressing the WT
gonucleotide primer bearingZall site (3-GGATCCAAGTC- or mutant AVPR2 were starved for 30 min in methionine
GACCCCTTGCC-3, which hybridize in the Sand 3 and cysteine-free DMEM and labeled with 16Qi/mL of
untranslated regions of this gene, respectively. The PCR[358]-methionine/cysteine (EXPRESS protein labeling
fragments were digested and subclonem3he myc epitope iy NEN Life Science Products) in the same medium. After
tag sequence (MEQKLISEEDLNA) into the pBC12BI mam- 5 incubation of 30 (Figure 7) or 60 (Figure 8) min at 37
malian expression vectoB®). All constructs were verified o the pulse was terminated by washing the cells with the

by sequencing to confirm the presence of each mutation. complete medium (DMEM supplemented with 5 mM me-
Cell Culture and TransfectionCOS-1 cells were tran-  thionine and 5 mM cysteine) and the pulsed cells were either
siently transfected using the DEAE-dextran mett),(and processed immediately as indicated below (Figure 7) or
the cells were allowed to express the foreign DNA 48 h chased in complete medium for different periods of time as
before performing experiments. HEK-293 cells were rendered specified in the Figure 8 and the text. In one series of
stable for the expression of WT or R337X AVPR2 by experiments, the glucosidase | and Il inhibitor castanosper-
transfection with 15ug of receptor plasmid and g of mine (200ug/mL) was added to the cslll h prior to and
pSV2neo (Clonetech). The cells were then passaged by seriamaintained during the metabolic labeling.
dilution and single isolate clones were grown and maintained  |n poth cases, total cellular lysates were prepared in buffer
in Dulbecco’s modified Eagle medium (DMEM) containing B (0.5%N-dodecyls-p-maltoside, 25 mM Tris-HCI, pH 7.4,
10% (v/v) fetal calf serum, 1000 U/mL penicillin, 1 mg/mL 140 mM NaCl, 10 mM CaG| 0.5 mM phenylmethyl-
Streptomycin, and 30@g/mL Geneticin (Llfe Technologies). Suphony| fluoride, Sﬂg/mL |eupeptin, 5lug/m|_ Soybean
Preparation of Total mMRNA and cDNAorty-eight hours  trypsin inhibitor, and 1@&g/mL benzamidine) and subjected
after transfection, the culture media was removed and COS-1to sequential immunoprecipitation following a preclearing
cells were incubated with Trizol (Life Technologies). Total step using Protein G Sepharose (Amersham Pharmacia). The
cellular mRNA was prepared following a chloroform extrac- total pool of receptors was immunoprecipitated using aga-
tion. Contaminating genomic DNA was digested with DNAse rose-conjugated anti-myc-antibody (Santa Cruz Biotechnol-
| (Life Technologies). The complete digestion of genomic ogy Inc.) in two consecutive steps, whereas those interacting
AVPR2 DNA (from the transfected plasmid) was confirmed with calnexin were immunoprecipitated using anti-calnexin
by PCR using the following primers:' %&£ CCAGCCTGC- antibody (Stressgen) and Protein G Sepharose followed by
CCAGCAAC-3 and B-TCCCTCTTTCCTGCCACTCCT- agarose-conjugated anti-myc-antibody. After the first step,
3. These primers hybridize to the second exon and the 3 the antigens were eluted with 1% SDS, 25 mM Tris-HClI,
untranslated region, respectively. cDNA was prepared by pH 7.4, and the eluates diluted 10-fold with buffer C (buffer
reverse transcription (RT)-PCR (oligo dT, Superscript, Life B in which CaC} was replaced with 2 mM EDTA and 2
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mM 1,10-phenantroline) prior to the next immunoprecipi- gated goat anti-rabbit antibody (Molecular Probes). Double
tation step. The immunopurified receptors were solubilized labeling was viewed on a Biorad MRC 600 laser confocal
in Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% microscope (BioRad Laboratories).
SDS, 10% glycerol, and 0.001% bromophenol blue), resolved
on 10% glycine SDSPAGE, treated with Efnance (NEN RESULTS
Life Science Products), and exposed to Biomax MR film  Transcription and Translation of AVPR2 MutanfEhe
(Kodak) at—80 °C. The relative intensities of the labeled schematic representation of four NDI-causing mutations
bands on the autoradiograms were analyzed by densitometricharacterized in this study (S315R, a point mutation in the
scanning with an Agfa Arcus Il laser scanner and the data seventh transmembrane domain; 804delG, a frameshift in
were quantified using NIH image program, version 1.61, the middle of the third intracellular loop; W71X and R337X,
subtracting a local background from each lane. The half- two nonsense mutations that code for truncated AVPR2
life constants were calculated by fitting the data to a one- within the first cytoplasmic loop and the proximal portion
phase exponential decay equation using the GraphPad Prisnof the carboxyl tail, respectively) are shown in Figure 1.
program version 2.01. The expression of the transcript for the WT and mutant
Saturation Binding and cAMP Accumulatio8aturation AVPR2 constructs was assessed in COS-1 cells. In all cases,
binding isotherms were carried out usiri] AVP (NEN RT-PCR analyses revealed the presence of RNAs of 1.3
Life Sciences Products) in the presence or absence of arkilobases corresponding to the expected size for the AVPR2
excess (1¢° M) of unlabeled AVP (Peninsula Laboratories) cDNA (Figure 2) indicating that all receptors were actively
as previously describedl®). Data for saturation binding  transcribed.
experiments were analyzed by nonlinear regression analysis To determine if the transcripts could be translated into
using the ALLFIT program 34) for the determination of  stable proteins, Western blot analyses were carried out using
dissociation constant&4{) and the total number of receptors the anti-myc antibody (9E10) that recognizes the myc epitope
(Bmay)- fused at the N-terminus of each constructs. For the WT
For cAMP accumulation assays, cells were metabolically receptor, two broad immunoreactive species{44 and 72-
labeled with fH] adenine (NEN Life Sciences Products) for 90 kDa) corresponding to the monomer and dimer forms of
16 h and total cAMP was purified over Dowex/alumina the receptor were consistently observed (Figure 3A, lane 2).
sequential chromatography as previously descril3&jl ( As expected for a single point mutation, an identical
Immunofluorescence and Fluorescence-Assisted Cell Sort-electrophoretic mobility pattern was observed for the S315R
ing (FACS) Immunofluorescence microscopy was carried mutant receptor (Figure 3A, lane 3). The R337X mutation
out on COS-1 cells that were transiently transfected with codes for a truncated receptor that is lacking the last 34 amino
the indicated receptors. Cell surface immunofluorescence wasacids of the carboxyl tail; therefore, this receptor migrated
performed on viable cells at 4C; the cells were incubated as smaller species at 389 kDa (monomer) and 6672 kDa
with anti-myc antibody (Stressgen), rinsed extensively with (dimer) (Figure 3A, lane 4). Interestingly, an additional band
DMEM/HEPES, and fixed with 3% paraformaldehyde (PFA) at 97-117 kDa was detected for this mutant. This species
in PBS. Nonspecific sites were quenched with a blocking could represent a higher order assembly that is visible given
buffer (PBS containing 0.2% bovine serum albumin) and the the high expression levels obtained for the R337X AVPR2.
cells were incubated with Oregon green-conjugated goat anti-The 804delG mutant failed to produce any detectable receptor
mouse antibody (Molecular Probes) for visualization by protein and was not tested further (Figure 3A, lane 5). The
microscopy. For intracellular labeling, the cells were first W71X mutation codes for a truncated AVPR2 that encom-
fixed with 3% PFA in PBS and incubated with 0.2% Triton passes only the first 71 amino acids. This receptor fragment
X-100 in PBS. Labeling with anti-myc antibody and Oregon was separated on tricine SB8AGE and detected as a 11.2-
green-conjugated anti-mouse antibody is as described abovekDa protein band (Figure 3B, lane 2). To demonstrate that
Cells were viewed on a Zeiss Axioskop fluorescent micro- this band is not a degradation product of the full length
scope (Carl Zeiss Inc.). AVPR2, the WT receptor was migrated as a control and did
For flow cytometry, the cells were washed with PBS and not lead to the detection of an equivalent immunoreactive
incubated with the 9E10 antibody followed by a second species (Figure 3B, lane 1).
round of washings and incubation with phycoerythrin-  Pharmacological and Functional Characterization of
conjugated goat anti-mouse 1gG (Immunotech). The cells AVPR2 MutantsTo investigate the pharmacological proper-
were washed with PBS, fixed with 3% paraformaldehyde, ties of the expressed mutant receptors, whole-cell saturation
and analyzed on a FACS calibur Becton-Dickson flow binding assays were carried out usindHJAVP as the
cytometer (Becton-Dickson Immunocytometer Systems) setradioligand in the presence and absence of excesgN)0
up to detect phycoerythrin fluorescence (58521 nm); unlabeled AVP to define nonspecific binding (Figure 4A).
10 000 cells were analyzed for each sample. The WT receptor was expressed at 1.3 pmol/well and
Confocal Microscopyintracellular labeling of COS-1 cells  displayed an affinity of 2.7 nM for AVP. In contrast, no
expressing the WT or mutant AVPR2 was performed on specific binding to {H]JAVP could be detected for any of
permeabilized cells as described above except that the cellsthe AVPR2 mutants tested.
were incubated with either mouse anti-myc (9E10) antibody In agreement with the lack of AVP binding, none of the
(Stressgen), rabbit anti-calreticulin antibody (Stressgen), or mutant AVPR2 expressed conferred an AVP-sensitive aden-
rabbit anti-Golgi p58 protein antibody (Sigma). The myc- vylyl cyclase activity to the transfected COS-1 cells. This
tagged AVPR2 were revealed with Oregon green-conjugatedcontrasts with the AVP-stimulated cAMP production ob-
goat anti-mouse antibody (Molecular Probes) and the ER orserved in COS-1 cells expressing the WT AVPR2 (Figure
Golgi compartments were revealed with Texas-Red-conju- 4B).
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Ficure 1. Schematic representation of the AVPR2 showing the nature and position of four mutations causing NDI. The seven transmembrane
schematic of the AVPR2 is depicted with an extracellular amino-terminus bearing a c-myc epitope tag, a N-linked oligosaccharide at N22,

a disulfide bridge between C112 and C192, and the two palmitoylated cysteines (C341 and C342). Mutations are described by indicating
the amino acid position and the specific nucleotide change.

Mr indicated that S315R was targeted to the cell surface (Figure

(kb) 5D).
ER—Retention of Mutant AVPRZhe subcellular distribu-

1.5 ~__ tion of the wild type and each of the mutant receptors was

determined using confocal microscopy. The 9E10 antibody

12— was used to detect the myc-tagged AVPR2 receptors, while

P the anti-calreticulin and anti-p58 antibodies were used to

1.0 12 3 4 5 6 label the ER and Golgi compartments, respectively. Both

FiGURE 2: RNA transcription of the wild type and mutant AVPR2.  the WT and S315R AVPR2 colocalized with the ER and
COS-1 cells were transfected with WT or mutant AVPR2, the total Golgi markers indicating that they could enter the secretory
RNA was isolated and cDNA prepared by reverse transcription and pathway and be properly processed (Figure-62and S-X,
PCR as described in Experimental Procedures. cDNAs were thenagpectively). This is consistent with the cell surface expres-
revealed by ethidium bromide labeling following migration on a . -
0.8% agarose gel. Lane 1: vector; 2: WT; 3: W71X; 4: 804delG; S'ON detected in Figure 5. In contrast, the W71X and R337X
5. R337X; and 6: S315R AVPR2. could only be detected in the ER (Figure 6Gand M—R,
respectively) indicating that they were retained by the quality
Absence of Cell-Surface Targeting of AVPR2 Mutahts control system and could never reach the Golgi apparatus
determine whether the lack of binding activity resulted from in agreement with their lack of cell surface expression (Figure
mistargeting of mutant proteins, immunofluorescence studies5).
were carried out in intact and permeabilized COS-1 cells. Molecular Association of the AVPR2 with Calnexiro
Whereas the WT and S315R AVPR2 could be detected oninvestigate whether the molecular chaperone calnexin can
the surface of nonpermeabilized cells, no signal was observednteract with the AVPR2, co-immunoprecipitation experi-
for the W71X and R337X mutant receptors (Figure 5A). ments were carried out. For this purpose, transiently trans-
When cells were permeabilized, all receptors were detectedfected COS-1 cells expressing either the WT or the mutant
intracellularly (Figure 5C) indicating that, in all cases, receptors were metabolically labeled withg]-methionine/
proteins were synthesized and accumulated in cells but thatcysteine. The presence of the myc-tagged AVPR2 in the
the R337X and W71X were not properly targeted to the fraction immunoprecipitated with the anti-calnexin antibody
plasma membrane. FACS analysis confirmed the lack of cell was assessed by a second immunoprecipitation using agarose-
surface expression for W71X and R337X AVPR2 and conjugated 9E10 antibody. The WT, S315R, and R337X,
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Ficure 3: Western blot analysis of the wild type and mutant
AVPR2. COS-1 cells were transfected with WT or mutant AVPR2 R S _— .
and the proteins from crude membrane preparations were separate§GURE 4: Binding and signaling activities of the wild type and
on 10% SDS-PAGE (A) or 16.5% Tricine SDSPAGE (B) (100 mutant AVPR2. COS-1 cells were transfected with the wild type
g of total protein per lane), transferred onto nitrocellulose filters, () Or mutant AVPR2; R337X®), S315R ), or W71X (O). (A)
incubated with 9E10 monoclonal antibody followed by HRP- Cells were incubated with varying concentrations $f][AVP in
conjugated sheep anti-mouse Fjabagment. (A) Lane 1: vector; the presence and absence ofd0unlabeled AVP. Specific binding

2: WT: 3: S315R: 4: R337X: and 5: 804delG AVPR2. The (shown in pmoles/well) was determined by subtracting total from

position of the AVPR2 monomers and dimers are denoted by an nonspecific binding. (B) cAMP accumulation in cells expressing
arrowhead and an asterisk, respectively. (B) Protein expression ofth® WT and mutant AVPR2. The amount of DNA transfected for

the W71X receptor. Lane 1: WT and 2: W71X AVPR2. The €ach construct is indicated. CAMP accumulation was expressed as

position of the W71X AVPR2 is indicated by an arrowhead. All the difference in cAMP production between AVP-stimulated (10
protein bands were revealed by chemiluminescence. uM) and unstimulated cells presented as the ratio of CAMP over

ATP + cAMP.

AVPR2, confirming that the interaction results from the
but not the W71X (data not shown) mutant AVPR2 co- quality control activity of calnexin.

immunoprecipitated with calnexin (Figure 7). The specificity  £o, a number of misfolded proteins, a prolonged associa-
of this interaction was confirmed by the observation that no tjony with calnexin has been proposed to play an important
receptors were detected when the firstimmunoprecipitation rgje in their ER retention (see Introduction). To determine
was carried out with preimmune serum. Although coimmun- it calnexin could play such a role in retaining NDI-causing
precipitation is often used to document calnexsubstrate  AvPR2 mutations, the interaction between calnexin and the
interactions, one cannot exclude the possibility that indirect ER-retained R337X mutant was investigated further. For this
interaction involving additional proteins could be involved. purpose, HEK-293 cells stably expressing either the WT or
However, the observation that only the precursor and notthe R337X AVPR2 were metabolically labeled wit}g]

the mature form of the receptor was found associated with methionine/cysteine and chased for the indicated periods of
calnexin, rules out the possibility of a large nonspecific time (Figure 8A-D). For each time point, the proportion of
aggregation and is consistent with the role of calnexin as anreceptors associated with calnexin was assessed using
ER chaperone. To further document if the interaction between sequential immunoprecipitation with anti-calnexin and 9E10
calnexin and vasopressin resulted from the chaperoning roleantibodies as described above. In parallel samples, the total
of the former, the effect of the glucosidase | and Il inhibitor population of receptors was directly immunoprecipitated
castanospermine was assessed on the extent of the interactiomising only the 9E10 antibody. Direct immunoprecipitation
As shown in Figure 7B, castanospermine drastically reducedof the receptor allowed a visualization of both the precursor
the association of calnexin with the newly synthesized (29—33 kDa) and mature (4042 kDa) forms of the receptor
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B c vasopressin was considered, an association pattern intermedi-
phase contrast permeabilized ate between that of the WT and R337X was obtained

DISCUSSION

In this study, we have characterized the biosynthesis,
subcellular distribution, and function of four NDI-mutant
AVPR2. When expressed in heterologous systems, three of
the four receptor genes produced identifiable proteins as
assessed by Western blotting. The only AVPR2 that was not
synthesized is the 804delG mutant. This may not be
surprising since another mutation occurring in this guanine-
rich region, the insertion of a guanine nucleotide at position
804 (804insG), was also found to produce no protein despite
adequate mRNA levelsl(). It therefore appears that the
addition or removal of a single guanine residue in this region
of theaypr2 gene disrupts normal protein synthesis or greatly
impair protein stability. The mechanism underlying this
phenomenon remains to be investigated.

For the W71X and R337X AVPR2 mutants, we observed

W?1x . | . | | -

L#)

™)

R337X

L]
o

S315R

D cell surface receptors (% of WT receptor) intracellular retention of the synthesized protein with very
0 20 40 80 80 100 , little or no cell surface routing. The lack of cell surface
vector expression of the W71X mutant most likely does not result
WIV2R from the lack of translocation since our results show that it
accumulates in the ER. This is consistent with a previous
S315R report demonstrating that this mutant is synthesized and
R337X properly oriented irEscherichia coli6). However, the lack

of cell surface expression observed in the present study
differs from previous findings on a fusion protein between
W71X and the carboxyl terminus of the WT AVPR2 that
Ficure 5 Cell surface expression of WT and mutant AVPR2. was fused to green fluorescent protein (GFP) where this

Transfected COS-1 cells were incubated in the absence (A) or
presence (C) of 0.2% Triton X-100 in PBS. The cells were then construct was detected at the surface of transfected HEK 293

incubated with the 9E10 monoclonal antibody followed by Oregon C_e"S_QO)' A possible egplanation for t_his apparent contradic-
green-conjugated donkey anti-mouse antibody. (B) The same field tion is that a GFP moiety may stabilize the W71X mutant
of cells shown in panel A, viewed by phase contrast microscopy. and allow it to be targeted to the cell surface.

Bar equals 5@m. (D) Quantification of cell surface WT and mutant ; P ;
AVPR2 by FACS. The cells were incubated with 9E10 antibody Intracellular retention of the R337X mutation is consistent

followed by phycoerythrin-conjugated goat anti-mouse antibody. With previous studies? 14, 17). However, here we report
For each sample, 10 000 cells were analyzed. The values werefor the first time that this receptor is retained in the ER and

calculated by multiplying the fluorescence intensity by the number never reaches the Golgi compartment indicating that mis-

of positive cells detected for each receptor constructs and normal-fo|ding provoked by the mutation does not allow the receptor
ized to the signals obtained with cells transfected with the empty

vector (0%) and the WT AVP2R construct (100%). protein to escape the ER quality control system. .
Our study has also allowed us to uncover a mutation
(Figure 8B). For the WT AVPR2, the precursor disappears (S315R) that, although targeted to the cell surface, is unable
rapidly (2 of 50 min) at the expense of the mature form of to bind AVP and to generate an intracellular signal. Although
the receptor. This contrasts with the inefficient maturation several mutations lead to compromise AVP binding in most
of the R337X mutant for which almost no mature form could cases this results from lack of cell surface expression of the
be detected (Figure 8D). Consistent with the ER retention receptor. In the few cases where binding deficient mutant
profile reported in Figure 6, the half-life of the R337X receptors were targeted to the cell surface, a decrease in the
precursor form was found to be approximately twice as long affinity for AVP rather than a total loss of binding has
(t2 of 98 min) as that of the WT AVPR2 precursor. For generally been observed, (8, 9, 12, 16, 25, 36). Besides
both the WT and R337X AVPR2, only the precursor forms S315R, the only other mutations for which total loss of
could be coimmunoprecipitated with calnexin (Figure 8A and detectable binding were reported are WOI)( R202C,
C). In an effort to quantify the association time between the and G185C %2). Similar to what was observed for S315R,
receptor and calnexin, the ratio between the calnexin- lack of radioligand binding for these three mutants occurred
associated receptor and the total amount of immunoprecipi-despite a significant trafficking of the receptor at the cell
tated receptor precursor was calculated for each chase timesurface. However, in contrast with S315R and G185C, a
point. The proportion of precursor form associated with significant AVP-mediated cAMP response was observed in
calnexin was greater for R337X than for the WT AVPR2 cells expressing W99R and R202C indicating that although
for each chase time point considered, indicative of a lower not detected with the radioligands, these two mutants
dissociation rate between the mutant receptor and themaintained some AVP binding ability. S315R and G185C
molecular chaperone (Figure 8E). When the S315R AVPR?2 thus represent the first examples of “binding-null” mutants
mutant that can reach the cell surface but does not bindthat are expressed at the cell surface.

WT1X
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.
WT
W71X
R337X
S315R

Ficure 6: Intracellular distribution of WT and mutant AVPR2. COS-1 cells were transiently transfected with the indicated AVPR2 constructs
and permeabilized to visualize intracellular receptors (left panels) and the ER or Golgi markers (middle panels). Immunoreactivity of WT
and mutant receptors was detected using the anti-myc antibody recognizing the N-terminus epitope added to the receptors (A, D, G, J, M,
P, S, and V). The same fields of cells were stained with anti-calreticulin antibody to visualize the ER (B, H, N, and T) or with anti-p58
antibody to visualize the Golgi apparatus (E, K, Q, and W). The right panels show the merged images of the receptor and ER labeling (C,
I, O, and U) or of the receptor with the Golgi apparatus (F, L, R, and X). Bar equalsn20
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Ficure 7: Association of mutant AVPR2 with the molecular D
chaperone calnexin. Metabolic labeling of the WT and mutant ' :
AVPR2 expressed in COS-1 cells was carried out witdS]
methionine/cysteine and sequential immunoprecipitations were . .- .4
performed on cell lysates using anti-calnexin antibody and Protein 0051152 3 6 9
G-Sepharose followed by agarose conjugated anti-myc antibody. chase (h)
(A) The labeling was carried out in cells expressing: vector (lane
1), WT (lane 2), S315R (lane 3), and R337X (lane 4) AVPR2. (B) E

The labeling was carried out in cells expressing the WT AVPR2
treated (lane 2) or not (lane 1) with castanospermine. The position
of the AVPR2 monomers and dimers is denoted by an arrowhead
and an asterisk, respectively.

Although the molecular mechanisms involved in quality
control are not fully understood, several studies suggest that
interaction of sugar moieties and/or exposed hydrophobic
patches in misfolded proteins with molecular chaperones
plays an important role in this process. This has been well 00 25 50 75 100
characterized for a number of protei26,37, 38); however, Time (hrs)

very little is known on the quality control criteria for the FieuRe 8: Prolonged association of the R337X mutant AVPR2
: H IGURE o:
folding of GPCRs. To date, only a few studies have reported with calnexin during biogenesis. Metabolic labeling of the WT and

molecular chaperone interactions with GPCRs. RanBP2 andr337x AVPR2 stably expressed in HEK-293 cells was carried out
nina A, two cyclophilin-related proteins, were shown to act as described in Experimental Procedures. Cells expressing the WT
as molecular chaperones for the red/green op38h énd (A and B) and R337X (C and D) AVPR2 were labeled for 30 min
rhodopsin 40, 41), respectively, whereas calnexin was found and chased for the indicated times. Sequential immunoprecipitations

. . . . . were carried out with anti-calnexin antibody and Protein G-
to associate with the receptor for lutropin/choriogonadotropin Sepharose followed by agarose-conjugated anti-myc antibody

(LHR) and follitropin (FSHR) 81). Calnexin interacts with  (panels A and C) or two repetitions of the agarose-conjugated anti-
monoglucosylatedN-linked carbohydrate chainl?) and myc antibody (panels B and D). Precursor and mature forms of
peptide determinant®) on folding intermediates of target  the receptors are indicated by opened and closed arrowheads,

; ; tively. (E) Graphical representation of the interaction kinetics
proteins. Like for the LH and FSH receptors, WT AVPR2 'espec ! . e
was found to interact with calnexin. In addition, both cell for the WT, R337X, and S315R AVPR?2 with calnexin. Densito

‘ metric analysis of the total receptor precursors (B and D, open
surface targeted and ER-retained mutant receptors could als@rrowheads) and calnexin-interacting receptors (A and C, open

associate with this molecular chaperone in agreement witharrowheads) were carried out for each chase time. The extent of
its general role in protein folding. Consistent with this role, calnexin association was determined at each chase time by dividing
detailed analysis of the molecular species interacting with the signal obtained for the precursor coimmunoprecipitated with
calnexin demonstrated that it is the precursor, and not thecamexIn by the total amount of precursor. A value of 100% was
; - '~ assigned to the ratio determined at the 0 min time point for each
fully processed form of the receptor, that binds to this receptor construct. The half-life of the calnexin interaction with
chaperone. Also, castanospermine inhibited the associatiorthe WT, R337X and S315R AVPR2 was found to be 20, 107, and
of the AVPR2 with calnexin. Given that this compound 44 min, respectively, as determined by fitting the data to a one-

prevents the generation of the monoglucosylated forms of P1ase exponential decay equation.
protein precursor that are the synthesis intermediate boundfor the cystic fibrosis transmembrane conductance regulator
by calexin, it confirms that the interaction with calnexin does (29, 30), the melanin-synthesizing enzyme, tyrosina2®),(
occur during the receptor maturation process. and the multidrug-resistance gene product, P-glycoprotein
The fact that calnexin associates for a longer period of (27). Interestingly, the mutant S315R that can reach the cell
time with the ER-retained R337X mutant than with the WT surface was also found to have a slightly prolonged inter-
AVPR2 suggests that in addition to its role in assisting the action with calnexin when compared to the WT (a half time
folding of GPCRSs, this chaperone could also be involved in of association of 44 vs 20 min) but much shorter than that
the retention of inappropriately folded receptors. Such a role of R337X (107 min). This indicates that even mutant
for calnexin in quality control has previously been proposed receptors that become trafficking competent may interact for
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extended periods with the molecular chaperone, maybe 9.

reflecting the need for a longer folding time. This is entirely
consistent with the dual role proposed for calnexf)(On

one hand, the chaperone is believed to assist folding of ;4
neosynthesized proteins, while on the other hand it targets

the incompletely or misfolded proteins toward the degrada- 12.
tion pathway. According to the current models, proteins that
cannot reach a conformation that is compatible with ER

export within a given period of time would be retro-

translocated in the cytosol and targeted to the proteasome 14,
for degradation. The nature of the molecular sensor and

biological clock determining how long a protein is retained

in the ER before it is either exported to the cell surface or
targeted for degradation remains unknown. Nevertheless,

R337X and S315R clearly exemplify the distinct fate of
mutant proteins.

Subtle protein misfolding leading to the ER retention of

otherwise functional proteins is at the root of several human

diseases (for a review, see ). A better understanding
of the molecular mechanisms involved in the quality control

system could lead to new therapeutic avenues for these 18.
diseases. In previous studies, treatments with both selective

(15, 45-47) and nonselective agent#4§—51) termed

pharmacological and chemical chaperones, respectively, were 19
found to favor the escape of mutant, misfolded proteins from
the ER quality control system. Treatment with pharmacologi-
cal chaperones was found to rescue the cell surface targeting

and function of several AVPR2 mutations responsible for

NDI (15). Whether these agents act by modifying the kinetics

of interaction between calnexin and the mutant AVPR2
remains to be investigated.
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