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ABSTRACT
The amino-terminal domain of class B G protein-coupled re-
ceptors is critically important for natural peptide agonist bind-
ing and action. The precise role it plays and the molecular basis
of the interaction between ligand and this domain are not well
understood. In the current work, we have developed a new
probe for affinity labeling the secretin receptor through a pho-
tolabile benzoyl-phenylalanine residue in position 13. This rep-
resented a high affinity ligand (Ki � 56 � 8 nM) that was a
potent full agonist to stimulate cellular cAMP (EC50 � 236 � 22
pM). It covalently labeled the secretin receptor saturably in a
single site. This was localized to the amino-terminal domain

near the first transmembrane segment using a series of chem-
ical and enzymatic digestions. Edman degradation sequencing
of radiolabeled cyanogen bromide and skatole digestion prod-
ucts that were attached to glass beads and further cleaved with
endoproteinase Asp-N demonstrated that the labeled residue
represented Val103. This is in contrast with previous photoaf-
finity labeling through positions 6, 18, 22, and 26 of secretin
that all labeled the distal end of the amino terminus of this
receptor. Together, these five pairs of residue-residue approx-
imations provide important constraints to better understand the
molecular conformation of the agonist-bound receptor.

Insights into the molecular basis of agonist ligand binding
and activation of a receptor may facilitate the development
and refinement of receptor-active drugs. Class B G protein-
coupled receptors include several potentially important drug
targets. However, our understanding of the molecular basis
of binding of the natural ligands for these receptors and for
their activation is not well developed. This reflects the struc-
tural differences between the class B G protein-coupled re-
ceptors and the more extensively studied class A G protein-
coupled receptors, which include rhodopsin, with recent
solution of its crystal structure (Donnelly, 1997; Tams et al.,
1998; Palczewski et al., 2000). It also reflects the size and
structural complexity of the natural ligands for the class B
receptors. They are all moderately large peptides that have
diffuse pharmacophoric domains (Ulrich et al., 1998). The
molecular basis of binding to G protein-coupled receptors is
best understood for receptors having small, structurally de-
fined ligands (Ji et al., 1998; Palczewski et al., 2000). As

natural ligands for other members of this superfamily get
larger, binding domains tend to move toward extracellular
loop and tail domains that are much less well defined (Ji et
al., 1998).

We have been quite interested in the secretin receptor, a
prototypic member of the class B family of G protein-coupled
receptors (Ishihara et al., 1991). It is present on ductular
epithelial cells of the pancreas and biliary tree, where it
mediates the secretion of bicarbonate-rich fluid, as well as on
pyloric smooth muscle, gastric mucosa, and Brunner’s glands
(Ulrich et al., 1998). As for other members of this receptor
family (Cao et al., 1995; Couvineau et al., 1995; Mannstadt et
al., 1998), mutagenesis studies have focused interest on the
amino-terminal tail domain of the secretin receptor as being
essential for natural peptide agonist binding (Vilardaga et
al., 1995; Holtmann et al., 1995, 1996). These include the loss
of function by truncation of this domain or by certain mis-
sense mutations in this region and the gain of appropriate
selectivity by chimeric receptors that incorporate this domain
(Vilardaga et al., 1995; Holtmann et al., 1995, 1996). Addi-
tionally, a series of photoaffinity labeling studies have estab-
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lished spatial approximation between residues within secre-
tin and the amino-terminal tail domain of the secretin
receptor (Dong et al., 1999a,b, 2000, 2002).

Indeed, the amino-terminal tail domain represents one of
the signature regions of class B G protein-coupled receptors
(Ulrich et al., 1998). It is at least 120 residues long in all
members of this family and includes six highly conserved
cysteine residues and three intradomain disulfide bonds
(Vilardaga et al., 1997; Ulrich et al., 1998; Asmann et al.,
2000). These bonds seem to be critically important for recep-
tor function; several members of this family have been shown
to be sensitive to chemical reduction and thiol modification
(Robberecht et al., 1984; Knudsen et al., 1997). It is likely
that these bonds provide a stable and consistent structural
motif that contributes to the natural ligand binding domain
of these receptors. Unfortunately, these bonds have not been
directly mapped in the secretin receptor or in a naturally
expressed, glycosylated, and functional receptor in this fam-
ily. Note that there are reports of the structure and disulfide
bonding of bacterially expressed, nonglycosylated peptides
representing the amino terminus of the parathyroid hormone
(Grauschopf et al., 2000) and corticotropin releasing factor
(Perrin et al., 2001) receptors. The relationship of these
structures to this domain in intact receptors in this family is
still unclear.

It is of particular interest that all four reported photoaf-
finity labeling studies of the secretin receptor have estab-
lished spatial approximation not only with the amino-termi-
nal domain but also with the same small portion of this
domain (Dong et al., 1999a,b, 2000, 2002). These include use
of photolabile ligands with sites of covalent attachment in
positions 6, 18, 22, and 26 of secretin analogs. Each of these
has labeled receptor residues within the first 36 residues of
the receptor. Although this raises the interesting possibility
that this region makes an important contribution to a ligand-
binding motif, there are not yet adequate data to understand
its conformation or its relation to the rest of the amino-
terminal domain in an intact receptor.

In the current work, we establish another photolabile an-
alog of secretin that maintains high affinity binding and full
biological activity. This provides a new probe to determine
spatial approximation with still another position within se-
cretin, now representing position 13 near the turn between
two helical domains of the solution structure of this hormone
(Bodanszky and Bodanszky, 1986; Clore et al., 1988). We use
a series of experimental strategies to ultimately define the
receptor residue that is covalently labeled by this probe.
Although still within the amino-terminal tail domain of the
secretin receptor, this residue is in a distinct region of the tail
that has not previously been labeled. This should provide an
important new constraint to better understand the molecular
basis of the binding of secretin to this receptor.

Materials and Methods
Materials. Cyanogen bromide (CNBr) was from Fluka (Buchs,

Switzerland). BNPS-Skatole (Skatole), phenylisothiocyanate,
bis(sulfosuccinimidyl)suberate (BS3), and Iodo-beads iodination re-
agent (N-chloro-benzenesulfonamide) were from Pierce Chemical Co.
(Rockford, IL). Endoproteinase Asp-N (sequencing grade, from
Pseudomonas fragi mutant) and the 12CA5 monoclonal antibody
against hemagglutinin (HA) were from Roche Molecular Biochemi-
cals (Indianapolis, IN). Protein G-conjugated agarose was from Cal-

biochem. N-(2-Aminoethyl)-3-amino-propyl glass beads were from
Sigma (St. Louis, MO). 10% NuPAGE gels and Multimark protein
standards were from Novex (San Diego, CA). Endoglycosidase F
(Endo F) was prepared in our laboratory, as described previously
(Hadac et al., 1996). All other reagents were of analytical grade.

Synthesis of Peptides. Rat secretin-27 and secretin analogs,
including (Tyr10)rat secretin-27 and (Tyr10,Bpa13)rat secretin-27
(Bpa13 analog or probe), and the human influenza virus HA epitope
tag (PYDVPDYA) were synthesized by manual solid-phase tech-
niques as we described previously (Ulrich et al., 1993). All peptides
were purified to homogeneity using reversed-phase high-perfor-
mance liquid chromatography, with identities of products verified by
mass spectrometry.

Radioiodination of Probes. (Tyr10)rat secretin-27 and
(Tyr10,Bpa13)rat secretin-27 were radioiodinated using brief expo-
sure to the solid-phase mild oxidant, Iodo-beads, as we have de-
scribed previously (Ulrich et al., 1993). The radioiodinated peptides
were purified by high-performance liquid chromatography to yield
specific radioactivities of 2000 Ci/mmol (Ulrich et al., 1993).

Cell Culture. The Chinese hamster ovary cell lines stably ex-
pressing the wild-type rat secretin receptor, CHO-SecR, and HA
epitope-tagged secretin receptor constructs (SecR-HA37 and SecR-
HA79) were previously prepared in our laboratory and fully charac-
terized (Ulrich et al., 1993; Dong et al., 1999b). These cell lines and
the nontransfected parental CHO-K1 cell line were maintained in
culture on tissue culture plasticware in Ham’s F-12 medium supple-
mented with 5% fetal clone II (Hyclone Laboratories, Logan, UT) in
a humidified atmosphere with 5% CO2 at 37°C. Cells were passaged
approximately two times per week.

Plasma Membrane Preparation. Enriched plasma membranes
were prepared from receptor-bearing cells, as we described previ-
ously (Hadac et al., 1996). Membranes were suspended in Krebs-
Ringers-HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM
NaCl, 5 mM KCl, 1 mM KH2PO4, 2 mM CaCl2, and 1.2 mM MgSO4)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.01%
soybean trypsin inhibitor (STI). Aliquots of membranes were stored
at �80°C until ready for use in receptor binding and photoaffinity
labeling experiments.

Biological Activity Assay. The agonist activity of
(Tyr10,Bpa13)rat secretin-27 was assessed by measuring cellular
cAMP content in response to peptide stimulation (Ganguli et al.,
1998; Dong et al., 1999b). Receptor-bearing cells were grown in
24-well plates. Before hormonal stimulation, cells were washed with
ice-cold phosphate-buffered saline containing 1.47 mM NaH2PO4, 8.2
mM Na2HPO4, pH 7.0, and 145 mM NaCl. Cells were stimulated for
30 min at 37°C with increasing concentrations of peptide in 250 �l of
KRH medium containing 1 mM 3-isobutyl-1-methylxanthine, 0.01%
STI, and 0.2% bovine serum albumin. The reaction was terminated
by the addition of 6% perchloric acid, with cell lysates collected and
adjusted to pH 5.5 to 6.0 using 30% potassium bicarbonate. Super-
natants were vortexed, cleared by centrifugation at 2000g for 10 min,
and used for quantitation of cAMP using a competition-binding assay
(Diagnostic Products Corp, Los Angeles, CA), as described previously
(Ganguli et al., 1998). Assays were performed in duplicate and re-
peated in at least three independent experiments.

Receptor Binding Assay. Binding of (Tyr10,Bpa13)rat secre-
tin-27 to membranes from secretin receptor-bearing cells was per-
formed as described previously (Hadac et al., 1998; Dong et al.,
1999b). In brief, membranes (10 �g of protein) were incubated for 1 h
at room temperature with a constant amount (approximately 20,000
cpm) of 125I-(Tyr10)rat secretin-27 and increasing concentrations
(0–1 �M) of the competing nonradiolabeled secretin analogs in KRH
medium containing 0.2% bovine serum albumin, 1 mM PMSF, and
0.01% STI (final volume of 500 �l). A Skatron cell harvester (Ster-
ling, VA) with glass fiber filters that had been pretreated in 0.3%
polybrene was used to separate free from bound radioligand. Anal-
ysis of binding data were performed using the LIGAND program,
and was plotted using routines in the Prism software package
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(GraphPad Software, San Diego, CA). Data are reported as the
means � S.E.M. of duplicate determinations from a minimum of
three independent experiments.

Photoaffinity Labeling of the Secretin Receptor. Photoaffin-
ity labeling experiments were conducted as we described previously
(Dong et al., 1999b). Briefly, enriched plasma membranes (50–100
�g) were incubated for 1 h in the dark at room temperature with
125I-(Tyr10,Bpa13)rat secretin-27 (50–100 pM) in KRH buffer in the
absence and presence of increasing amounts of competing secretin.
The reaction mixture was photolyzed for 30 min at 4°C in a Rayonet
photochemical reactor (Southern New England Ultraviolet Com-
pany, Hamden, CT) equipped with 3500-Å lamps. Membranes were
washed twice with KRH buffer and solubilized in SDS sample buffer.
Component proteins were separated on 10% SDS-polyacrylamide
gels under reducing conditions, and bands of interest were visualized
by exposure to Kodak X-ray film at �80°C.

Chemical and Enzymatic Cleavage Of The Secretin Recep-
tor. Deglycosylation of the gel-purified secretin receptor and its
relevant fragments was achieved by treatment with Endo F, using
techniques described previously (Hadac et al., 1996). The gel-purified
native or deglycosylated secretin receptor was subjected to chemical
and/or enzymatic cleavage. CNBr cleavage was carried out in 70%
formic acid in a 200-�l reaction volume. The mixture was flushed
with nitrogen and incubated in the dark at room temperature for
72 h on a rotating platform (Dong et al., 1999a). The chemical
cleavage with skatole (2 mg/ml) was performed in 70% acetic acid in
a final volume of 200 �l in the dark at 37°C for 48 h (Bisello et al.,
1998).

For endoproteinase Asp-N cleavage, receptor samples were re-
duced and alkylated (Dong et al., 1999b) to prevent aberrant cleav-
age of cysteine residues. Cleavage was then performed by incubating
the sample with 0.2 �g of endoproteinase Asp-N in 25 �l of digestion
buffer containing 50 mM sodium phosphate, pH 8.0, and 0.01% SDS
at 37°C for 24 h. Products of chemical or/and enzymatic cleavage
were analyzed and purified by electrophoresis on 10% NuPAGE gels
with MES running buffer. For autoradiography, gels were then dried
and exposed to X-ray film with intensifying screens at �80°C. The
apparent molecular weights of the radioactive bonds were deter-
mined by interpolation on a plot of the mobility of the appropriate
Multimark protein standards versus the log values of their apparent
masses.

Immunoprecipitation of Photoaffinity-Labeled Secretin
Receptor and Its Relevant Fragments. The radioactive bands of
interest were excised from gels, eluted, and lyophilized. This mate-
rial was solubilized in 200 �l of immunoprecipitation buffer contain-
ing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM
MgCl2, 1 mM dithiothreitol, 2 mM PMSF, 0.1% SDS, 0.5% Nonidet
P-40, and 0.2% bovine serum albumin. Samples were centrifuged at
20,800g for 10 min at 4°C to remove insoluble material. The resulting
supernatant was divided equally into two tubes, one containing 25
�M competing HA peptide and both having 3 �g of anti-HA mono-
clonal antibody. After incubation with gentle shaking at room tem-
perature for 2 h, 15 �l of protein G-agarose was added. After incu-
bation for an additional 2 h, the agarose beads were pelleted by
centrifugation at 6,000 rpm for 1 min and washed. Antigen bound to
the pellet was eluted in SDS sample buffer and resolved by NuPAGE
gel electrophoresis.

Radiochemical Sequencing. Radiochemical sequencing was
performed to identify the secretin receptor residue that was labeled
with the probe. This offered unique problems that required a special
approach. For this, the radiolabeled, deglycosylated CNBr fragment
of the secretin receptor and its product of skatole digestion were
purified on gels and coupled to N-(2-aminoethyl)-3-amino-propyl
glass beads through their amino groups using BS3. For this, 10 mg of
glass beads was incubated on ice for 30 min in 50 �l of 10 mM BS3 in
reaction buffer containing 20 mM sodium phosphate, pH 7.5, and
0.15 M NaCl. The beads were then washed twice with the same
buffer. Receptor fragments in 200 �l of the reaction buffer containing

0.01% SDS were conjugated to the BS3-derivatized beads overnight
at 4°C. The beads were then pelleted by low-speed centrifugation,
and unreacted cross-linker was quenched by incubation with 200 �l
of 50 mM Tris-HCl, pH 6.8, in the reaction buffer for 10 min.

Beads were then washed with 200 �l of endoproteinase Asp-N
digestion buffer, resuspended in 20 �l of buffer containing 5 �l of
endoproteinase Asp-N (0.2 �g), and allowed to react overnight at
37°C. The receptor fragments coupled to the glass beads were then
washed sequentially with methanol, methanol/water (1:1, v/v), and
methanol. Manual Edman degradation sequencing was performed
directly on the beads using techniques that we have described pre-
viously (Ji et al., 1997). Radioactivity eluted in each cycle was quan-
tified using a �-spectrometer.

Molecular Modeling. Threading algorithms were used to iden-
tify plausible tertiary folds for the amino-terminal domain (the first
124 residues minus the signal peptide sequence) of the secretin
receptor. Extensive searches defined a 93-residue fragment from
S-adenosylmethionine synthetase (Protein Data Bank code: 1MXA)
as the most reasonable structural template. A three-dimensional
model for the amino-terminal domain was generated using the S-
adenosylmethionine synthetase template with the program Modeler
(Sali and Blundell, 1993). Residues 111 to 124 were modeled as an
extended conformation, because the structural template does not
provide meaningful guidance for this segment of the receptor amino
terminus. The NMR-derived solution structure for secretin (Clore et
al., 1988) was used as the starting structure for the peptide-receptor
complex models. Initial manual peptide docking to the receptor
amino terminal domain was guided by the experimental constraints,
followed by molecular mechanical structure refinement. Initial mod-
els were first subjected to 100 steps of in vacuo conjugate gradient
energy minimization with no constraints, following by molecular
dynamics simulation using a generalized Born model. Harmonic
constraints were used in early stages of molecular dynamics simu-
lation to maintain the peptide hormone conformation close to the
NMR solution structure, and five additional constraints were applied
to impose peptide-receptor contacts determined from the photoaffin-
ity-labeling experiments. Molecular dynamics simulations were
started at 10 K, and the temperature was increased via a linear
gradient to 300 K over a 10-pS interval. Harmonic constraints for
photoaffinity label contacts were likewise increased gradually from
5.0 kcal/mol/Å to 40.0 kcal/mol/Å over the course of the molecular
dynamics simulations. The last configuration from each simulation
was then energy minimized with no harmonic constraints to gener-
ate final structures for the complex. The amino-terminal domain of
the receptor was then attached to a model of the 7-helix bundle
domain for the secretin receptor derived directly from a rhodopsin
crystal structure (Palczewski et al., 2000) to generate a clearer
picture of the spatial and topological constraints the helix bundle
imposes on the receptor extracellular domain.

Threading calculations were performed with THREADER 3.3
(Jones et al., 1992) and 123D� (Alexandrov et al., 1995). All energy
minimization and molecular dynamics calculations were performed
using AMBER 7 (Casa et al., 2002). All interactive molecular graph-
ics model building and analysis were performed using PSSHOW
(Swanson, 1995).

Results
Characterization of (Tyr10,Bpa13)Rat Secretin-27.

This probe was synthesized, purified to homogeneity, and
characterized by mass spectrometry. It was also functionally
characterized, to determine its ability to bind to the wild-type
secretin receptor and to stimulate intracellular cAMP accu-
mulation in secretin receptor-bearing CHO-SecR cells (Fig.
1). The Bpa13 analog bound to its receptor specifically and
saturably, with affinity slightly lower than natural secretin
(Bpa13 analog, Ki � 56 � 8 nM; secretin, Ki � 12 � 3 nM).

Molecular Basis of Secretin Binding 995
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This secretin analog was fully efficacious but slightly less
potent than natural secretin. It stimulated cAMP responses
in a concentration-dependent manner with an EC50 of 236 �
22 pM (secretin, EC50 � 79 � 9 pM).

Photoaffinity Labeling of the Secretin Receptor.
Plasma membranes from the CHO-SecR cell line were used
for affinity labeling with the Bpa13 probe (Fig. 2). This analog
specifically and saturably labeled a protein migrating at Mr

�70,000 on a 10% SDS-polyacrylamide gel electrophoresis
gel. This was completely displaced by unlabeled secretin in a
concentration-dependent manner (IC50 � 20 � 5 nM) and
was not present in affinity-labeled nonreceptor-bearing CHO
cell membranes. As expected, the labeled receptor band
shifted to Mr �42,000 after deglycosylation with Endo F.
These bands migrated identically to those labeled with Bpa6,
(BzBz)Lys18, Bpa22, and Bpa26 analogs of secretin that we
reported previously (Dong et al., 1999a,b, 2000, 2002).

Identification of the Domain of Labeling. The domain
of covalent labeling of the secretin receptor with the Bpa13

probe was identified by sequential chemical and enzymatic
cleavage reactions. CNBr cleavage was used to provide the
first indication of the domain of labeling with the Bpa13

probe, as it did previously for the labeling of secretin receptor
domains with Bpa6, (BzBz)Lys18, Bpa22, and Bpa26 analogs
(Dong et al., 1999a,b, 2000, 2002). Theoretically, CNBr cleav-
age of the secretin receptor should yield 10 fragments, with
three containing sites of glycosylation. As shown in Fig. 3,
CNBr cleavage of the receptor construct labeled with the
Bpa13 probe yielded a single radioactive band migrating at
Mr �31,000 that shifted to Mr 9,000 after deglycosylation.
Given the mass of the attached Bpa13 probe (3341 Da) and
the clear evidence of glycosylation, there are two possible
candidate fragments that match these data. Both are within
the amino terminus of the receptor, with one representing
the most distal fragment at the amino terminus (fragment
one) and the other representing the segment close to the first
transmembrane domain (fragment three). The electro-
phoretic migration of the CNBr fragment labeled with the
Bpa13 probe was different from that of the CNBr fragment
previously labeled with probes having photolabile residues in
positions 6, 18, 22, and 26 (Dong et al., 1999a,b, 2000, 2002).

Immunoprecipitation. The definitive identification of
the domain of labeling with the Bpa13 probe was achieved by
immunoprecipitation of CNBr fragments of the HA-tagged
receptors with anti-HA monoclonal antibody. Two well-char-
acterized HA-tagged secretin receptor mutants, SecR-HA37
and SecR-HA79 (Dong et al., 1999b), were used in this series
of experiments. Both receptor constructs were affinity la-

beled with the Bpa13 probe and were well recognized by the
monoclonal antibody, as demonstrated by the saturability of
their immunoprecipitation with HA peptide (Fig. 4). Shown
in Fig. 4 is also an autoradiograph of a NuPAGE gel used to
separate the products of CNBr cleavage of both receptor
mutants labeled with the Bpa13 probe. The CNBr cleavage of
the labeled SecR-HA79 receptor yielded a band (Mr 25,000 in
the middle of Fig. 4, lane 3) that migrated differently from
that labeled with the HA37 receptor (Mr 31,000 in the middle
of Fig. 4, lane 1). This difference in migration probably re-
flects the introduction of the HA tag after Asn78 in the HA79
construct that eliminated the consensus site for its glycosyl-
ation. After deglycosylation of these bands, the HA79 con-
struct fragment (Mr 10,000 in the middle of Fig. 4, lane 4)
migrated slightly above the HA37 construct fragment (Mr

9,000 in the middle of Fig. 4, lane 2) to reflect the impact of
the inclusion of the nine-residue epitope tag. Immunoprecipi-
tation of the deglycosylated CNBr fragments of HA37 and
HA79 secretin receptor constructs labeled with the Bpa13

probe revealed that only the fragment from the HA79-tagged
receptor was radioactive (Fig. 4, right, lane 4). This provided
definitive evidence for the site of covalent labeling with the
Bpa13 probe to be within CNBr fragment three.

Identification of the Site of Labeling. To further local-
ize the domain of the secretin receptor that was labeled with
the Bpa13 probe, the labeled CNBr fragment was further
cleaved at tryptophan residues with skatole. Theoretically,
this reagent will cleave this fragment of the receptor into two
glycosylated fragments having core proteins of 1940 and
3834 Da. In the HA79 receptor construct, the fragment anal-
ogous to the 1940-Da fragment from the wild-type receptor
has a greater mass (3024 Da), because of inclusion of the
epitope tag. The Bpa13 probe does not contain a tryptophan
residue and is therefore not cleaved by skatole. Figure 5
compares the pattern of skatole cleavage of the labeled CNBr
fragments derived from wild-type and HA79 receptor con-
structs. Skatole cleavage of the Mr 31,000 CNBr fragment of
the secretin receptor yielded a band migrating at Mr �13,000
that shifted to Mr �7,000 after deglycosylation. Skatole
cleavage of the deglycosylated Mr 10,000 CNBr fragment
from the HA79 receptor construct yielded a labeled fragment
migrating at Mr �7,000, the same size as that from cleavage
of the deglycosylated Mr 9,000 CNBr fragment of the HA37
receptor. If the Bpa13 probe had labeled the amino-terminal
half of the third CNBr fragment, a difference in migration
would have been expected for skatole fragments of the HA79
receptor construct (Mr 6,000) and that from the wild-type
receptor (Mr 5,000) because of the inclusion of the HA se-

Fig. 1. Binding and biological activity of
(Tyr10,Bpa13)rat secretin-27. Left, the
abilities of the Bpa13 probe and secretin
to compete for binding of 125I-(Tyr10)rat
secretin-27 to membranes from CHO-
SecR cells. Values represent percent-
ages of maximal saturable binding that
was observed in the absence of compet-
itor (means � S.E.M. of data from three
independent experiments). Right, the
curves representing cAMP accumula-
tion in these cells in response to the
Bpa13 probe and secretin (means �
S.E.M. of data from three independent
experiments, normalized relative to
maximal responses).
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quence in the former. The similar migration of the skatole
fragments from both mutants suggests that the site of label-
ing with the Bpa13 probe is within the carboxyl-terminal half
of CNBr fragment three.

To further support this identification, immunoprecipita-
tions were performed with the deglycosylated CNBr frag-
ment of the labeled HA79 receptor construct and with its
skatole fragment (Fig. 5). As a positive control, the labeled
CNBr fragment was well recognized by the anti-HA mono-

clonal antibody, being precipitated and radioactive (Fig. 5,
bottom right, lane 4). However, the immunoprecipitated ska-
tole fragment of the photoaffinity-labeled receptor was not
radioactive, suggesting that the region of labeling was not
within the amino-terminal half of the third CNBr fragment.
This supports the identification of the site of labeling with
the Bpa13 probe as the carboxyl-terminal half of CNBr frag-
ment three, in the region between Ser91 and Met123.

To further localize the site of labeling with the Bpa13 probe,
the skatole fragment resulting from cleavage of the CNBr
fragment was further cleaved with endoproteinase Asp-N.
Theoretically, digestion of this fragment with this enzyme
(that cleaves at the amino-terminal side of aspartic acid
residues) would yield a glycosylated fragment with peptide
core of 3020 Da and a nonglycosylated fragment of 833 Da
(Fig. 6). The Bpa13 probe is also cleaved by endoproteinase
Asp-N, yielding a fragment of 1648 Da that contains both the
site of covalent attachment through p-benzoyl-phenylalanine
and the site of radiolabeling. As shown in Fig. 6, the endo-
proteinase Asp-N cleavage of the skatole-cleaved CNBr frag-
ment (Mr 13,000) yielded a band of Mr �11,000 that shifted
to Mr �4,500 after deglycosylation. The endoproteinase
Asp-N cleavage of the deglycosylated CNBr fragment also
yielded a fragment migrating similarly to that of the degly-
cosylated skatole fragment that had been cleaved with CNBr.
This represents the glycosylated fragment between Asp98

and Met123 containing the attached truncated probe.
The identification of the specific site of labeling of the

secretin receptor with the Bpa13 probe was achieved by ra-
diochemical sequencing. This was performed with both deg-
lycosylated receptor fragments that had been cleaved with
CNBr alone and sequentially with CNBr and skatole, fol-
lowed by attachment to N-(2-aminoethyl)-3-amino-propyl
glass beads, where they were further cleaved with endopro-

Fig. 2. Photoaffinity labeling of the secretin receptor. Top, a typical
autoradiograph of an SDS-polyacrylamide gel electrophoresis gel used to
separate products of affinity labeling of secretin receptor-bearing mem-
branes with the Bpa13 probe in the absence and presence of competing
unlabeled secretin. The Bpa13 probe specifically labeled the Mr 70,000
secretin receptor (core protein Mr 42,000), with this competitively inhib-
ited by secretin. Similar bands were not present in non–receptor-bearing
cell membranes treated similarly. Bottom, quantitative densitometry of
the labeling of the receptor band in three independent experiments
(means � S.E.M.).

Fig. 3. Cyanogen bromide cleavage of the labeled receptor. Left, a dia-
gram of the predicted sites of CNBr cleavage of the secretin receptor,
along with sites of N-linked glycosylation. Right, a typical autoradiograph
of a 10% NuPAGE gel used to separate the products of CNBr cleavage of
the secretin receptor that had been labeled with the Bpa13 probe. This
cleavage yielded a labeled fragment migrating at Mr �31,000 that shifted
to Mr �9,000 after deglycosylation. Fragments 1 and 3 are the best
candidates to represent the domains of labeling with this probe. This
pattern is representative of three independent experiments.

Fig. 4. Immunoprecipitation of epitope-tagged secretin receptor and its
CNBr fragment. HA37- and HA79-tagged secretin receptor constructs
were labeled with the Bpa13 probe and were specifically immunoprecipi-
tated by anti-HA monoclonal antibody (left). CNBr cleavage of the affin-
ity-labeled HA37-tagged construct yielded an Mr 31,000 fragment that
shifted to Mr 9,000 after deglycosylation, whereas cleavage of the labeled
HA79-tagged construct resulted in a band migrating distinctly at Mr
�25,000 that shifted to Mr 10,000 after deglycosylation (middle). Immu-
noprecipitation of the deglycosylated CNBr fragments revealed that only
the immunoprecipitated fragment containing the HA79-tag was radioac-
tive (right). This provides definitive identification of the region of affinity
labeling as fragment 3.
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teinase Asp-N. After a series of cycles of Edman degradation,
the radioactive peak consistently eluted in cycle 6 for both
preparations (Fig. 7). As a control, the deglycosylated labeled
receptor fragment resulting from CNBr and skatole cleavage
that was covalently attached to the beads but not further
cleaved with Asp-N was exposed to the same sequencing
procedure. No peaks of eluted radioactivity were observed
through seven cycles of Edman degradation (data not shown).
These studies clearly established that this probe covalently
labeled the Val103 residue of the secretin receptor.

Molecular Modeling. It was possible to generate a phys-
ically plausible three-dimensional model for the amino-ter-
minal domain of the secretin receptor by using a 93 residue
fragment from an intact structural domain of S-adenosylme-
thionine synthetase as a template (Fig. 8). Whereas the
threading algorithms identified several other proteins with
higher Z scores, the matched fragments in these proteins
were much shorter peptides that were contained within
larger structural domains. The structural model for the se-
cretin receptor amino terminus accommodates the peptide
hormone in a conformation quite similar to that observed by
NMR for this peptide while free in solution. This model also
satisfies all five spatial constraints derived from existing
photoaffinity labeling experiments, enables formation of
analogous disulfide bonds that have been reported for the

extracellular domain of other class B G protein-coupled re-
ceptors, and is sterically compatible with a complete model of
the secretin receptor based loosely on the helical bundle
pattern in the rhodopsin crystal structure. It should be noted,
however, that the helix bundle topology and conformations
for class B family of G protein-coupled receptors, such as the
secretin receptor, are probably rather different from the class
A family (e,g., rhodopsin) (Donnelly, 1997; Horn et al., 1998).
Therefore, the helix bundle domain of the receptor model
reported here should be regarded as a rough approximation
at this stage.

Discussion
Photoaffinity labeling of receptor residues using intrinsic

probes with photolabile residues incorporated into the phar-
macophoric domain of a natural agonist directly provides
powerful constraints that can be used to better understand
the molecular basis of ligand binding and activation of recep-
tors. In this report, we provide a fifth residue-residue approx-
imation constraint for secretin binding to the secretin recep-
tor. This is particularly noteworthy, because the former four
such constraints all involved the covalent labeling of a small
subdomain of the amino terminus of the secretin receptor
(Dong et al., 1999a,b, 2000, 2002). This was true despite
having the sources of these bonds spread throughout the
length of secretin, at positions of residues 6, 18, 22, and 26 of
this 27-residue linear peptide. These residues are included in
paired helical domains in the amino- and carboxyl-terminal
halves of secretin (Bodanszky and Bodanszky, 1986) that can
be folded to reside adjacent to each other. The position of the
photolabile residue in the new probe used in the current
report is near the proposed turn between these helices. This
position 13 probe also covalently labeled the secretin receptor
amino terminus. However, in contrast to the previous stud-

Fig. 5. Skatole cleavage of the labeled CNBr fragments and immunopre-
cipitation. Top, theoretical skatole cleavage sites of the third CNBr frag-
ment from both wild-type and HA79-tagged secretin receptor constructs.
Skatole cleavage of the Mr 31,000 fragment (lane 1) from the wild-type
secretin receptor yielded a fragment migrating at Mr 13,000 (lane 2) that
shifted to Mr 7,000 (lane 4) after deglycosylation. Of note, the CNBr
cleavage of the deglycosylated labeled HA79-tagged receptor yielded a
fragment migrating at Mr 10,000 (lane 6), slightly larger than the anal-
ogous fragment from the wild-type receptor (lane 3), because of the
presence of the inserted HA sequence (bottom left). However, skatole
cleavage of both fragments yielded bands with the same apparent molec-
ular mass (Mr 7,000) (lanes 4 and 5), suggesting the absence of HA
sequence within the labeled skatole fragment. Thus, the region between
Ser91 and Met123 in the carboxyl-terminal portion of CNBr fragment 3
probably represented the domain of binding the Bpa13 probe. Bottom
right, results of immunoprecipitation of the CNBr fragment of the HA79-
tagged receptor before and after skatole cleavage. Although the immu-
noprecipitated labeled Mr 10,000 CNBr fragment was radioactive, immu-
noprecipitation of the labeled Mr 7,000 Skatole fragment did not yield a
radioactive band. This further supports the above identification.

Fig. 6. Further localization of the domain of labeling by endoproteinase
Asp-N cleavage. Endoproteinase Asp-N cleavage of the Mr 13,000 frag-
ment (lane 1) resulting from CNBr and skatole cleavage yielded a band
migrating at Mr �11,000 (lane 2). This shifted to Mr �4,500 (lane 4) after
deglycosylaton, the same size (lane 6) as the fragment resulting from
Asp-N cleavage of the deglycosylated CNBr fragment from HA79-tagged
receptor (lane 5). This suggests that the fragment between Asp98 and
Met123 contains the site of labeling.
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ies, this probe labeled a distinct subdomain of the amino
terminus.

Identification of the residue labeled by the Bpa13 probe
in the current work was complicated by substantial tech-
nical challenges. The domain of labeling was difficult to
unambiguously identify, and the determination of the co-
valently labeled residue within that domain offered other
problems. In the experimental strategy used, a number of
considerations have to be satisfied. It is critical that the
site of covalent attachment of the probe to the receptor and
the site of radiolabeling of the probe not be separated from
each other in the process of proteolytic cleavage to release
the labeled fragment of the receptor or in the process of
performing cycles of Edman degradation before arriving at
the labeled receptor residue. There is also the requirement
that the fragment to be sequenced have the labeled residue
near enough its free amino terminus that a reasonable
number of cycles of Edman degradation can identify it. The
chemistry employed to attach the receptor fragment to a
solid-phase support (bead) is also critical. This must be at
a point beyond the residues that will be released before
arriving at the labeled residue during the performance of
cycles of Edman degradation. In addition, the chemistry
for covalent capture of the receptor fragment must not at
the same time capture the radiolabeled probe. To satisfy
all of these conditions, we had to perform extensive and
varied cleavage reactions and perform the final cleavage
with the receptor fragments already covalently attached to
the bead. This resulted in the clear identification of the
labeled residue as Val103, located 22 residues from the
predicted position of the first transmembrane segment.

We were previously able to build a limited molecular model
of a complex of secretin bound to the first 40 residues of the
secretin receptor that could accommodate each of the re-
ported residue-residue approximation constraints that came
from all previous photoaffinity labeling studies of this recep-
tor (Dong et al., 1999a,b, 2000, 2002). The receptor residue
that was labeled in the current study (Val103) is situated
between the sixth conserved cysteine residue and the first
transmembrane domain, with the previous sites of labeling
residing on both sides of the first conserved cysteine residue.
This new contact site thus imposed more significant topolog-
ical constraints on the model structure, and has enabled us to
refine an initial working model of the complete amino-termi-
nal domain of the receptor (Fig. 8). The helical bundle domain
model reported here is based loosely on the rhodopsin crystal
structure. However, as mentioned above, it is thought that
class B G protein-coupled receptors probably have rather
different helical bundle domain topologies and structures. It
will be necessary to obtain additional experimental data to
further refine the helix bundle domain of the secretin recep-
tor model.

This series of photoaffinity labeling studies is remarkable
for the consistency in labeling a single domain of the secretin
receptor, the amino-terminal tail. Indeed, this domain has
been identified in truncation and site-directed mutagenesis
studies of the secretin receptor (Holtmann et al., 1995, 1996;
Vilardaga et al., 1995) and of other class B G protein-coupled
receptors (Cao et al., 1995; Couvineau et al., 1995;
Mannstadt et al., 1998) to be key for determination of the
selectivity of natural ligand binding. Chimeric combinations
of receptors in this family have supported the critical role of

Fig. 7. Identification of the site of la-
beling by radiochemical sequencing of
the labeled fragments. Shown are the
radioactive elution profiles from Ed-
man degradation sequencing of the
fragments resulting from CNBr and
Asp-N cleavage (left) and from CNBr,
skatole, and Asp-N cleavage (right) of
the deglycosylated secretin receptor
labeled with the Bpa13 probe. For
both preparations, the peak in radio-
activity consistently appeared in elu-
tion cycle 6 in three independent ex-
periments. This represents receptor
residue Val103.

Fig. 8. Model of the secretin peptide/
secretin receptor complex. Top view of
the secretin peptide hormone bound to
the amino-terminal domain of the se-
cretin receptor (stereoscopic pair of
images). The receptor amino-terminal
domain is shown in purple, with key
residues crosslinked in photoaffinity
labeling experiments highlighted in
red. The peptide hormone is displayed
in cyan, with photoaffinity label con-
tact residues shown in yellow. An ap-
proximate model of the helix bundle
domain proximal to the receptor
amino terminus and extracellular
loops is shown in blue. The extracellu-
lar loops have been removed in this
view to facilitate visualization of the
peptide contacts with the receptor
amino terminus. This image was gen-
erated with MOLSCRIPT (Kraulis,
1991).
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the receptor amino terminus to determine specificity of bind-
ing and activation (Holtmann et al., 1995, 1996; Vilardaga et
al., 1995). Clearly, the conserved cysteine residues that prob-
ably contribute to the disulfide bonds in this domain are
important to constrain its conformation. Such constraints
will represent a critical complement to the types of con-
straints that can come from photoaffinity labeling studies for
the elucidation of the molecular basis of ligand binding.

The experimental demonstration clearly indicates that the
amino terminus of the secretin receptor is covalently at-
tached to the remainder of the body of this receptor only
through its peptide backbone, with no interdomain disulfide
bonds (Asmann et al., 2000). This raises two distinct possi-
bilities for the molecular basis of agonist peptide binding to
the amino terminus of the receptor, resulting in a conforma-
tional change in the cytosolic face of the receptor that facili-
tates coupling with G proteins. One possibility is that a
portion of the secretin peptide interacts directly with the
body of this receptor that is distinct from the amino termi-
nus. This would provide a mechanism to exert tension on the
receptor body that could lead to a change in conformation.
The second possibility is that such tension is provided more
indirectly through receptor-receptor interactions that might
exist at the base of the amino-terminal domain. A conforma-
tional change in the receptor amino terminus could thereby
be transmitted to the receptor body, as has been proposed for
glucagons and glucagon-like peptide 1 receptor binding
(Hjorth and Schwartz, 1996). This could explain why receptor
loop domains have been shown to be important in receptor
mutagenesis and chimeric receptor studies (Holtmann et al.,
1995, 1996). It also explains why there have been inconsis-
tencies in the contribution of the same receptor domain in
different chimeric combinations (Holtmann et al., 1995;
Vilardaga et al., 2001).

It is notable that affinity labeling studies with photolabile
analogs of parathyroid hormone have demonstrated the di-
rect labeling of residues in domains outside of the amino
terminus of the parathyroid hormone receptor (Behar et al.,
1999; Greenberg et al., 2000). Labeled domains include the
first and third extracellular loops and the area high in trans-
membrane segment six. If this class B G protein-coupled
receptor is structurally similar to the secretin receptor, it
would suggest that the peptide-binding cleft could reside
between the receptor amino-terminal domain and the recep-
tor body. The details of this will need to be further examined
in future studies.
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Correction to “Spatial approximation between a
photolabile residue in position 13 of secretin and
the amino terminus of the secretin receptor”

In the above article [Zang M, Dong M, Pinon DI, Ding X-Q, Hadac EM, Li Z, Lybrand TP,
and LJ Miller (2003) Mol Pharmacol 63:993–1001 ], the accepted date was incorrect. The
correct date of acceptance for this article is February 4, 2003.

We regret this error and apologize for any confusion or inconvenience it may have
caused.
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