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Amino-terminal regions of secretin-family peptides contain
key determinants for biological activity and binding specificity,
although the nature of interactions with receptors is unclear. A
helix N-capping motif within this region has been postulated to
directly contribute to agonist activity while also stabilizing for-
mation of a helix extending toward the peptide carboxyl termi-
nus and docking within the receptor amino terminus. We used
cysteine trapping to systematically explore spatial approxima-
tions between cysteines replacing each residue in this motif of
secretin (sec), Phe®, Thr’, and Leu'?, and cysteines incorporated
into the extracellular face of the receptor. Each peptide was a full
agonist for cAMP, but had a lower binding affinity than natural
hormone. These bound to COS cells expressing 61 receptor con-
structs incorporating cysteines in every position along each
extracellular loop (ECL) and adjacent parts of transmembrane
(TM) segments. Patterns of covalent labeling were distinct for
each probe, with Cys®-sec labeling multiple residues in the car-
boxyl-terminal half of ECL2 and throughout ECL3, Cys’-sec
predominantly labeling only single residues in the carboxyl-ter-
minal end of ECL2 and the amino-terminal end of ECL3, and
Cys'%-sec not efficiently labeling any of these residues. These
spatial constraints were used to refine our model of secretin
bound to its receptor, now bringing ECL3 above the amino ter-
minus of the ligand and revealing possible charge-charge inter-
actions between this part of secretin and receptor residues in
TMS5, TM6, ECL2, and ECL3, which can orient and stabilize the
peptide-receptor complex. This was validated by testing pre-
dicted approximations by mutagenesis and residue-residue
complementation studies.
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The amino-terminal regions of natural peptide ligands for
class B1 G protein-coupled receptors (GPCRs)* contain key
determinants for biological activity and receptor specificity;
however, a detailed understanding of how this region of these
peptides might interact with and activate their receptors is
unknown. Within the amino terminus of these peptide ligands
are helix N-capping motifs that have been postulated to con-
tribute directly to their agonist activity (1) while also stabilizing
the carboxyl-terminal helical regions of the peptides that are
known to dock within the receptor amino-terminal domains (2,
3). Indeed, this carboxyl-terminal helical conformation of the
peptide ligands is critical for their proper docking into the cleft
present within the amino-terminal domain of their receptors,
an interaction that contributes substantial binding energy (2,
3). This key interaction likely also helps to direct the amino-
terminal regions of these peptides toward the relevant core
domains of their receptors.

The secretin receptor was the first member identified in this
receptor family that includes several potentially important drug
targets (4) and is prototypic of other members in every way (3).
Its natural peptide ligand, secretin, is a 27-residue linear pep-
tide that is also fully typical of the group of class B1 ligands (3).
The current project utilized cysteine trapping to systematically
explore spatial approximations for each of the helix N-capping
motif residues within secretin, representing residues Phe®,
Thr’, and Leu'?, and those residues within the core of the secre-
tin receptor that could potentially contribute to this important
binding pocket. We recently reported a similar approach to
define spatial approximations with the more distal amino-ter-
minal residues two and five within secretin (5). That effort sup-
ported the presence of this pocket, but the establishment of
multiple disulfide bonds for each of the probes suggested that
there was a dynamic component to the docking, and definition
of more approximations would be necessary to refine our
understanding.

Our understanding of the conformational diversity of class B
GPCRs as well as the impact of peptide docking to these recep-

3 The abbreviations used are: GPCR, G protein-coupled receptor; TM, trans-
membrane segment; GIP, glucose-dependent insulinotropic peptide; sec,
secretin.
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tors was substantially advanced recently with the use of multi-
ple complementary approaches directed at the intact glucagon
receptor (6). In that work, electron microscopy, hydrogen/deu-
terium exchange, molecular dynamics simulations, and com-
plementary incorporation of cysteines to form disulfide bonds
were used to describe closed and open conformations of that
receptor based on the position of the receptor amino terminus
relative to the receptor helical bundle domain. The most ener-
getically favored conformation of the non-ligand-bound basal
condition of the receptor was closed with the receptor amino
terminus blocking the orthosteric agonist binding site. Based
on previous kinetic studies with the parathyroid hormone
receptor (7), it has been suggested that the peptide carboxyl
terminus initiates the ligand docking process by occupying its
cleft within the receptor amino terminus, preceding the func-
tionally important docking of the ligand amino terminus. The
recent glucagon receptor study (6) suggests that the ligand
selects the open conformation of the receptor that lets this pro-
cess occur and that this two-stage process can help to direct the
biologically active peptide amino terminus toward its docking
site high in the helical bundle (termed the ] or junctional
region). These proposed processes focus even more interest on
the peptide ligand helical N-capping motif, since this resides
between the part of the ligand that docks within the cleft in the
receptor amino terminus and the part of the ligand known to
confer biological activity by interacting with the helical bundle.
The current approach should help to clarify the parts of the
receptor that are spatially approximated with the ligand helical
N-capping motif as this series of events might occur.

We have, therefore, developed additional probes in which
cysteines were incorporated into each of the N-capping motif
positions within secretin. Each of these analogues was a full
agonist for cAMP, although each probe bound with lower affin-
ity than that of the natural hormone. We applied these
probes to the same extensive series of secretin receptor
mutants in which the natural residues in each of 61 positions
throughout the tops of transmembrane segments (TM) and
extracellular loop (ECL) regions were replaced with cys-
teines that had been probed previously (5). These receptor
constructs were expressed in COS cells, and the ligand probes
were allowed to bind under conditions permitting the sponta-
neous formation of disulfide bonds.

Of note, the patterns of covalent labeling were distinct for
each of the three probes. The position-six probe labeled multi-
ple residues in the carboxyl-terminal half of ECL2 and through-
out ECL3, whereas the position seven probe was more selective,
predominantly labeling only a single residue at the carboxyl-
terminal end of ECL2 and one residue at the amino-terminal
end of ECL3. The position 10 probe did not efficiently label any
of the residues in any of these regions. Receptor residues con-
tributing to disulfide bond formation with the helix N-capping
motif residues were distinct from the predominant sites of
labeling previously observed with the position two and five cys-
teine probes (5). These sets of spatial approximation data were
added to all previous experimentally derived constraints to
refine our previous working model of the secretin-occupied
secretin receptor (5). Predictions for spatial approximations
made based on this model were further tested by receptor
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Peptide Sequence
1 5 10 15 20 25
Sec(1-27) HSDGTFTSELSRLREGARLQRLLQGLVNH,

[C8,Y1%]sec(1-27)
[C7,Y]sec(1-27)
[C10,Y26]sec(1-27)

HSDGTCTSEYSRLREGARLQRLLQOGLVNH,
HSDGTFCSEYSRLREGARLQRLLQOGLVNE.
HSDGTFTSECSRLREGARLQRLLOGYVnH,

FIGURE 1. Primary structures of secretin analogues used in this study.
Shown are the amino acid sequences of natural human secretin(1-27) and its
analogues, each incorporating a cysteine in positions 6, 7, or 10. Natural res-
idues areillustrated in gray, whereas modified residues areillustrated in black.

mutagenesis and complementary changes in residues within
ligand and receptor. These help to validate this model and serve
to extend our understanding of the molecular interactions that
contribute to activation of this prototypic class B G protein-
coupled receptor.

Experimental Procedures

Materials—Amino acids for peptide synthesis were pur-
chased from Advanced ChemTech (Louisville, KY), and Pal
resin was from Sigma. Sodium ***iodide was from PerkinElmer
Life Sciences. Dulbecco’s modified Eagle’s medium (DMEM)
and soybean trypsin inhibitor were from Invitrogen. Fetal clone
II culture medium supplement was from Hyclone Laboratories
(Logan, UT). Bovine serum albumin was from Serologicals
Corp. (Norcross, GA). Polyethyleneimine (25 kDa linear) was
from Polysciences (Warrington, PA). All other reagents were
analytical grade.

Peptides—The cysteine-containing peptides were designed
to incorporate a cysteine for disulfide trapping in positions 6, 7,
and 10 of secretin that contribute to its helix N-capping motif.
They represented analogues of human secretin(1-27) that
included [Cys® Tyr'Jsecretin(1-27) (Cys®-sec), [Cys’,Tyr'°]
secretin(1-27) (Cys’-sec), and [Cys'®,Tyr**]secretin(1-27)
(Cys'%-sec) (Fig. 1). Both Cys®-sec and Cys’-sec incorporated a
tyrosine to replace the leucine in position 10 for radioiodination
(8), whereas Cys'°-sec incorporated a tyrosine to replace Leu®®
for this purpose. All peptides were synthesized by manual solid-
phase techniques using Pal resin and purified by reversed-
phase HPLC as described (9) with their identities verified
by matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometry.

Radioiodination—Cys®-sec, Cys’-sec, Cys'°-sec, and the
secretin-like radioligand [Tyr'®]secretin(1-27) that was used in
competition ligand binding assays were radioiodinated oxida-
tively using procedures previously established (10). In brief,
~15 pug of each peptide was incubated with 1 mCi of Na'?°I in
0.1 m borate buffer (pH 9.0) and exposure for 15 s to the solid
phase oxidant, N-chlorobenzenesulfonamide (iodination
bead) (Pierce). The radioiodinated peptides were purified by
reversed-phase HPLC to yield specific radioactivities of ~2000
Ci/mmol using procedures as described (9).

Receptor Constructs—The wild type human secretin receptor
(CHO-SecR) stably expressed in Chinese hamster ovary (CHO)
(11) was used for characterizing the binding affinities and bio-
logical activities of Cys®-sec, Cys’-sec, and Cys'%-sec. Cells
were cultured at 37 °C in an environment containing 5% CO,
on tissue culture plasticware in Ham’s F-12 medium supple-
mented with 5% fetal clone II and were passaged approximately
twice a week.
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Wild type and a total of 61 previously characterized secretin
receptor constructs incorporating cysteine replacements for
natural residues in each of the positions of the three extracellu-
lar loops except for positions with a naturally occurring cys-
teine were transiently expressed in COS-1 cells (American
Type Culture Collection, Manassas, VA) (5) and used in cys-
teine trapping studies with the Cys®-sec, Cys’-sec, and Cys'°-
sec probes. In addition, we have prepared alanine mutation con-
structs of Trp>®® (ECL2), Phe*” (top of TM6), and Glu>*?
(ECL3) as well as Arg®”® (top of TM5), predicted in this study to
interact with secretin amino-terminal residue His' (W265A,
F337A, and E352A) and Asp® (R278A), respectively. We have
also prepared a site mutation of Arg®>’® in the top of TM5,
replacing this residue with cysteine (R278C). Trp*’® in ECL2
was predicted to be far away from the amino-terminal region of
secretin, and mutation of this residue to an alanine was pre-
pared as a presumed negative control. These constructs were
also transiently expressed in COS-1 cells. Cells were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 5% fetal clone II and studied 48 h after
transfection.

Receptor Binding—The radioligand competition binding
assay was used to determine the ability of Cys®-sec, Cys’-sec,
and Cys'®-sec to compete for secretin radioligand binding to
CHO-SecR cells. Assays were performed using whole cell bind-
ing in 24-well tissue culture plates. CHO-SecR cells were grown
to ~90% confluence and were washed twice with Krebs-Ring-
ers/HEPES medium (25 mm HEPES (pH 7.4), 104 mm NaCl, 5
mwm KCl, 2 mm CaCl,, 1 mm KH,PO,, 1.2 mm MgSO,,) contain-
ing 0.01% soybean trypsin inhibitor and 0.2% bovine serum
albumin before being incubated with a constant amount of
radioligand, '*°I-[Tyr'°]sec(1-27) (11 pMm, ~20,000 cpm), and
increasing concentrations (ranging from 0 to 1 um) of each of
the cysteine-containing secretin analogues for 60 min at room
temperature. Cells were then washed twice with ice-cold
Krebs-Ringers/HEPES medium containing 0.01% soybean
trypsin inhibitor and 0.2% bovine serum albumin to separate
free from cell-bound radioligand before cells were lysed with
0.5 M NaOH. Membrane-bound radioactivity was quantified
with a y-spectrometer. Nonspecific binding was determined in
the presence of 0.1 um secretin and represented <15% of total
binding. Competition binding curves were analyzed and plot-
ted using the non-linear regression analysis program in the
Prism software suite v3.0. Binding kinetics were determined by
analysis with the Ligand program of Munson and Rodbard (12).
Characterization of the new site mutation constructs (W265A,
W275A, R278A, R278C, F337A, and E352A) was performed,
with data analyzed in a similar way.

Biological Activity Assays—A time-resolved fluorescence-
based cAMP assay was used to examine the ability of Cys®-sec,
Cys’-sec, and Cys'-sec to stimulate cCAMP responses in CHO-
SecR cells. Approximately 90% of the confluent cells in 96-well
plates were washed twice with phosphate-buffered saline (PBS)
and stimulated with increasing concentrations (ranging from 0
to 1 uMm) of secretin or each of the cysteine-containing secretin
analogues in Krebs-Ringers/HEPES medium containing
0.01% soybean trypsin inhibitor, 0.2% bovine serum albumin,
0.1% bacitracin, and 1 mm 3-isobutyl-1-methylxanthine for 30
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min at 37 °C. The reaction solution was then aspirated, and cells
were lysed with 6% ice-cold perchloric acid for 15 min with
vigorous shaking. The cell lysates were adjusted to pH 6 with
30% NaHCO, and assayed for cAMP levels in a 384-well white
OptiPlate using a LANCE cAMP kit from PerkinElmer Life Sci-
ences. The cAMP concentration-response curves were ana-
lyzed and plotted using the non-linear regression analysis rou-
tine in Prism v3.0 (GraphPad, San Diego, CA). Characterization
of the new site mutation constructs (W265A, W275A, R278A,
R278C, F337A, and E352A) was performed, with data analyzed
in a similar way.

Cysteine Trapping—COS-1 cells grown in 24-well plates
(~80% confluence) were transfected with wild type and all
the 61 cysteine secretin mutants using the polyethyleneimine
method as we have previously described (5). After washing once
with PBS, cells were incubated for 1.5 h at room temperature
with 200 ul of DMEM containing 5% fetal clone II and **°I-
Cys®-sec or *°I-Cys’-sec or '*’I-Cys'°-sec (~100,000 cpm per
well) in the absence or presence of 0.1 uM secretin. After the
medium was aspirated, cells were washed once with ice-cold
PBS and incubated for 45 min at room temperature on a shaker
with 80 wl of SDS Laemmli sample buffer (13) with or without
0.1 M dithiothreitol (DTT). Cells were then scraped from the
wells, and lysates were transferred to 1.5-ml microcentrifuge
tubes where samples were briefly sonicated to break the sticky
DNA. After the samples were resolved in a 10% SDS-polyacryl-
amide gel, the gel was dried, and bands of interest were visual-
ized by autoradiography with band densitometry analyzed by
the Image]J software (National Institutes of Health, Bethesda,
MD). The apparent molecular weights of the radioactive bands
were determined by interpolation on a plot of the mobility of
the appropriate ProSieve protein markers (Cambrex, Rockland,
ME) versus the log values of their apparent masses. Lengths of
exposure of the autoradiographs were ~6 days.

Molecular Modeling—All molecular modeling was con-
ducted using a stochastic global energy and restraints optimi-
zation procedure for internal coordinates (14) with the ICM-
Pro package version 3.7 (MolSoft LLC, San Diego, CA) using
the protocol we previously described (5). The initial model of
the amino-terminal domain of the human secretin receptor was
generated using as template the x-ray structure of the amino
terminus of the glucose-dependent insulinotropic peptide
(GIP) receptor complexed with the GIP peptide (PDB code
2QKH; Ref. 15). A pentasaccharide Man;GlcNAc, was
attached to secretin receptor residues Asn®', Asn”®, Asn®?, and
Asn'® to mimic their glycosylated state. The initial conforma-
tion of the human secretin peptide was generated using the
NMR structure of receptor-bound PACAP as template, and
aligning this with GIP in the GIP-GIP receptor complex to
determine its initial docking pose.

The initial pose did not satisfy all experimentally determined
photoaffinity labeling constraints. The whole complex was,
therefore, globally optimized in the presence of spatial approx-
imation constraints coming from our extensive series of pho-
toaffinity labeling experiments using the rat secretin receptor
(16). The following restraints were applied (peptide residue to
its labeled receptor residue): Phe® to Thr*; Arg'? to Ala® Leu'?
to Val'%; Glu'® to Glu'®; Gly'® to Leu'®%; Arg'® to Leu'*; GIn*°
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FIGURE 2. Functional characterization of cysteine-containing secretin
analogues. Left, curves of increasing concentrations of secretin, Cys®-sec,
Cys’-sec, and Cys'-sec to compete for binding of the secretin radioligand,
1231 [Tyr'®Isec(1-27), to CHO-SecR cells. Values represent the percentages of
saturable binding, expressed as the means = S.E. of duplicate values from a
minimum of three independent experiments. Right, concentration-depen-
dent intracellular cAMP responses in CHO-SecR cells to each of these pep-
tides. Data points represent the means = S.E. of data from three independent
experiments performed in duplicate normalized relative to the maximal
responses to secretin in these cells.

to His%; Arg®! to GIn'®; Leu®* to Leu'”; Leu®® to GIn?%; GIn** to
Pro”%; Gly*® to GIn?%; Leu® to Leu®. Additionally, four fluores-
cence resonance energy transfer (FRET) distance constraints
(17) were also incorporated. Twenty-five of the lowest energy
complexes were retained.

The TM bundle was constructed using as the template the
x-ray structure of the glucagon receptor helical bundle (PDB
code 4L6R) (18). The peptide ligand-receptor amino-terminal
domain complexes were then docked onto 200 diverse helical
bundle domain models from 20 different TM bundles, each
completed with 10 different loop conformations, in the pres-
ence of three additional photoaffinity labeling constraints
involving the receptor core (peptide residue to its labeled recep-
tor residue: His' to Phe®??; Ser? to Leu®°%; Thr® to Phe®*°) and
12 FRET distance constraints between the peptide and the
transmembrane domain, as previously described (16, 19, 20).
Seven constraints representing sites of disulfide bond forma-
tion from previous experiments were applied (peptide residue
to its labeled receptor residue: Ser® to Trp>"#, Ser®*°, and Pro®*';
and Thr® to Glu®*?, Ile®*, GIn>*®, and Phe®*') (5). Five addi-
tional constraints from the current disulfide bond formation
experiment were also applied (peptide residue to its labeled
receptor residue: Phe® to Asp®*3, Ala®***, and Met**®; Thr” to
Trp?”* and Phe*”). All the resultant models were clustered,
ranked by their ICM energetics and their health as established
by PROCHECK and WHAT_CHECK evaluations (21). The
best model from 200 independent docking runs was selected.

Results

Functional Characterization of Cysteine-containing Probes—
The Cys®-sec, Cys’-sec, and Cys'°-sec analogues were charac-
terized by competition ligand binding and cAMP assays to
determine their ability to bind to secretin receptor-bearing
CHO-SecR cells and to stimulate intracellular cAMP accumu-
lation in these cells. As shown in Fig. 2, each of the three cys-
teine-containing secretin analogues had much lower affinity
than natural secretin (IC5,: 0.6 = 0.1 nm), with Cys”-sec being
higher than Cys®-sec and Cys'%-sec (IC;, values: Cys”-sec, 51 *+
10 nm; Cys®-sec, 610 + 240 nm; Cys'®-sec, 720 * 140 nm).
Although they had low affinity, these peptides were fully effica-
SASBMB
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cious agonists, stimulating cAMP responses in CHO-SecR cells
ina concentration dependent manner. Unlike the binding affin-
ities, all three peptides had similar potencies in cAMP stimula-
tion (EC,, values: Cyss-sec, 18 = 7 nm; Cys7-sec, 5+ 1 nwm;
Cys'-sec, 16 = 1 nm) but much lower than that of natural
secretin (EC5,: 8.3 = 2.0 pm). Full biological responses were
observed with each of the probes when a small percentage of
receptor binding sites were occupied.

Cysteine Trapping Data—As described above, each of the
three cysteine-containing secretin analogues was a full agonist
with reasonable binding affinity. We used each of them in cys-
teine trapping studies. Figs. 3-5 illustrate the labeling of each
of the extracellular loop regions using cysteine-trapping with
these probes. Representative autoradiographs in Fig. 3 show
that none of the probes efficiently formed disulfide bonds with
any of the residues within ECL1. In contrast, both the Cys®-sec
and Cys’-sec probes formed significant disulfide bonds with
residues in ECL2 (Fig. 4) and ECL3 (Fig. 5), whereas the Cys'°-
sec probe did not form any significant disulfide bonds with any
of those residues either (Figs. 4 and 5).

Figs. 4 and 5 include representative autoradiographs of both
non-reduced and reduced gels in which the cysteine-containing
probes were utilized to label each of the 61 cysteine-replace-
ment ECL mutants along with the densitometric quantitation
of the covalent receptor labeling observed with the Cys®-sec
and Cys’-sec probes. As control, wild type secretin receptor was
not covalently labeled (disulfide bond formed) by any of these
probes under the experimental conditions (shown in Fig. 3).
The patterns of labeling of receptor ECL2 (Fig. 4) and ECL3
(Fig. 5) residues by Cys®-sec and Cys’-sec were distinct from
each other. Although Cys°®-sec predominantly labeled residues
within the carboxyl-terminal half of ECL2 and throughout
ECL3, Cys’-sec labeled residues throughout ECL2 and within
the amino-terminal region of ECL3. Quantitative analysis of
labeling is shown in Table 1. Cys®-sec covalently labeled cys-
teines in the positions of Ala®**, Met®**®, Asp>*3, Ser®*°, Glu®*?,
and Pro®*! with densitometry demonstrating intensities >50%
that of the maximal signal attained with that probe in labeling
any residue in any loop (A344C = 100%) (descending order)
and Trp>"*, Phe®*?, Leu®*?, Ala?*®, and Asn®® with intensities
between 25 and 50%. Cys’-sec labeled Phe®**” and Trp*’* with
intensities >50% that of the maximal signal with that probe
(F337C = 100%) and Ala®>** and Phe?*® with intensities between
25 and 50%. These labeling intensities are expressed as relative
intensities, as the absolute percentages of occupied receptors
that were covalently labeled could not be determined due to
nonspecific adsorbance of the probes to the membrane. No
receptor labeling was observed with any of these mutants in the
presence of DTT. Additionally, every condition in which cova-
lent labeling of the receptor was observed was also studied in
the setting of competition with 0.1 um secretin to be certain of
the saturable nature of the covalent labeling, with this eliminat-
ing all receptor labeling (data not shown).

Fig. 6 illustrates the receptor residues labeled by Cys®-sec and
Cys’-sec compared with those labeled by Cys*-sec and Cys®-sec
that were recently reported (5). This also provides additional
evidence that many of the residues that are not covalently
labeled with the currently studied probes are accessible for
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FIGURE 3. Cysteine trapping experiments with secretin receptor ECL1 cysteine mutants. Shown are typical autoradiographs of 10% SDS-PAGE gels used
to separate the products of cysteine trapping of indicated ECL1 SecR mutants expressed in COS-1 cells by each of the noted cysteine-containing peptide
probes. The position of electrophoretic migration of labeled SecR is identified. Because no significant receptor labeling was observed under non-reducing
conditions, control autoradiographs of reducing gels that also did not show significant labeling are not shown. The signal observed at the bottom of the gel
represents the radiolabeled probe that was bound to the membrane (nonspecific binding) and/or receptor (specific binding), surviving washing steps but not
covalently bound to the receptor and, therefore, migrating with free probe. This signal has always been high in covalent labeling experiments with photolabile
or cross-linkable radiolabeled secretin analogues, reflecting the tendency of such probes to adsorb to the membrane, yet the saturable nature of the receptor

labeling has consistently been observed by competing with 0.1 um secretin (data not shown).

labeling with other secretin analogue probes. This provides fur-
ther assurance of proper folding of these receptor mutants.

Molecular Modeling—The current model used the recently
released family B GPCR glucagon receptor helical bundle (PDB
code 4L6R) as a template for the transmembrane domain. In
addition to the distance constraints we had previously utilized,
we have added new distance constraints representing the most
efficient sites of covalent labeling from the current cysteine
trapping results (Fig. 7, A and B). Although the current model
shows a global orientation of the peptide-bound amino-termi-
nal domain relative to the transmembrane domain, similar to
that in our previous model, the new distance constraints
resulted in tighter contact between the amino terminus of the
secretin peptide and TM5, TM6, ECL2, and ECL3 regions of the
secretin receptor, which allows us to make more specific pre-
dictions of peptide-receptor interactions.

Functional Characterization of Predicted Binding Site Muta-
tion Constructs—The current best model predicts spatial
approximations between His' at the amino terminus of secretin
and receptor residues Trp2*® (ECL2), Phe®*” (top of TM6), and

5176 JOURNAL OF BIOLOGICAL CHEMISTRY

Glu®*? (ECL3) (Fig. 7C). Fig. 8 and Table 2 show the functional
impact of replacing each of these residues with alanine. W265A
neither bound secretin nor responded to secretin-stimulated
cAMP production. An attempt at immunostaining intact
cells with an amino-terminal region secretin receptor anti-
serum (22) was negative, suggesting that this mutant was
trapped intracellularly and did not reach the cell surface
(data not shown). F337A bound to secretin with an affinity
3.3-fold lower than wild type receptor. However, this muta-
tion had more profound impact on secretin-stimulated
cAMP production than on binding affinity, with a 266-fold
reduction in potency compared with action on wild type
receptor. Although E352A had similar affinity to the wild
type receptor in binding secretin, this mutation also had a
profound negative impact on secretin-stimulated cAMP
production with potency 63-fold lower than that for the wild
type secretin receptor. In brief, mutation of each of the two
residues (Phe®®*” and Glu®>?) predicted to interact with His'
of secretin impaired receptor function. In contrast, mutation
of receptor residue Trp>”® in ECL2 that was predicted to be
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FIGURE 4. Cysteine trapping experiments with secretin receptor ECL2 cysteine mutants. Shown are typical autoradiographs of 10% SDS-PAGE gels used
to separate the products of cysteine trapping of indicated ECL2 SecR mutants expressed in COS-1 cells by each of the noted cysteine-containing peptide
probes. Shown are autoradiographs of gels run in the absence (top) and presence (bottom) of the reducing agent, DTT. Shown as well is the densitometric
analysis of data from three similar experiments with the Cys®-sec and Cys’-sec probes. Quantitation of covalent labeling by Cys'®-sec is not shown because no
significant labeling was observed with any of the mutants. The position of electrophoretic migration of probe-labeled SecR is identified, as in Fig. 3. The
densitometrically determined intensities of labeling the receptor that are displayed represent the percentages of the signal for the maximal labeling of a
residue within that particular loop by that probe.
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FIGURE 5. Cysteine trapping experiments with secretin receptor ECL3 cysteine mutants. Shown are typical autoradiographs of 10% SDS-PAGE gels used
to separate the products of cysteine trapping of the indicated ECL3 SecR mutants expressed in COS-1 cells by each of the noted cysteine-containing peptide
probes. Shown are autoradiographs of gels run in the absence (top) and presence (bottom) of the reducing agent, DTT. Shown as well is the densitometric
analysis of data from three similar experiments with the Cys®-sec and Cys’-sec probes. Quantitation of covalent labeling by Cys'®-sec is not shown because no
significant labeling was observed with any of the mutants. The position of electrophoretic migration of probe-labeled SecR is identified, as in Fig. 3. The
densitometrically determined intensities of labeling the receptor that are displayed represent the percentages of the signal for the maximal labeling of a
residue within that particular loop by that probe.

far away from the amino-terminal region of the peptide had the R278A mutant exhibited a 7.1-fold reduction in potency for
no impact on receptor function. secretin to stimulate cAMP production compared with wild

The current best model also predicted spatial approximation  type secretin receptor (Fig. 8 and Table 2). In the current best
between secretin amino-terminal residue Asp® and receptor model we observe a salt bridge between Asp® and receptor res-
residue Arg>’® at the top of TM5 (Fig. 7D). Consistent with this, idue Arg®>’® (Fig. 7D). To further examine this, we prepared the
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TABLE 1

Identification of receptor residues important for spatial approximation

Values represent the means * S.E. of data from a minimum of three independent experiments. Intraloop labeling efficiency represents the intensity of labeling of each band
as a percentage of the intensity of the band with the highest labeling intensity within each loop. Overall labeling efficiency represents the intensity of labeling of each band

as a percentage of the intensity of the band with the highest labeling intensity using that probe in all three loops. Underlined values represent constructs with overall
intensities >25% with those >50% marked with asterisks. ND, not detectable.

Cys®-sec Cys’-sec
Receptor Intraloop labeling Overall labeling Intraloop labeling Overall labeling
constructs efficiency efficiency efficiency efficiency
% of max % of max

WwWT ND ND ND ND

ECL1
D175C ND <1 ND <1
A176C ND <1 ND <1
V177C ND <1 ND <1
L178C ND <1 ND <1
F179C ND <1 ND <1
$180C ND <1 ND <1
S181C ND <1 ND <1
D182C ND <1 ND <1
D183C ND <1 ND <1
V184C ND <1 ND <1
T185C ND <1 ND <1
Y186C ND <1 ND <1
D188C ND <1 ND <1
A189C ND <1 ND <1
H190C ND <1 ND <1
R191C ND <1 ND <1
A192C ND <1 ND <1
G193C ND <1 ND <1
K195C ND <1 ND <1
L196C ND <1 ND <1
V197C ND <1 ND <1
M198C ND <1 ND <1
V199C ND <1 ND <1
L200C ND <1 ND <1
F201C ND <1 ND <1
Q202C ND <1 ND <1

ECL2
F258C 1.6 x14 <1 32570 255+ 5.5
L259C 1.3 112 <1 24.8 £7.8 195 * 6.5
E260C 14*+13 <1 6.5 4.2 51*34
D261C 1514 <1 4.7 £1.2 3.7%1.0
V262C 1.3+09 <1 89+ 17 7.0% 14
G263C 1.2+0.8 <1 28=*13 22*12
W265C 1.8+ 0.6 <1 0.5 0.5 <1
D266C 1.0+ 0.4 <1 26.5 £25 20.8 + 2.4
1267C 9.6 = 6.5 4.6 = 5.7 39*36 3.0x25
N268C 60.1 = 8.8 284 *+ 6.8 28.8 = 4.8 22,6 = 4.4
A269C 60.2 = 6.4 28.5 £ 6.0 9.9 £ 3.6 7.7 £33
N270C 35+ 6.6 16.6 * 6.1 159 £ 8.8 12577
A271C 50.5 = 6.4 239 * 49 16.1 £ 6.4 12.7 £ 5.8
S272C 1.0 = 0.6 <1 102 £ 6.5 8.0£6.2
1273C 19.6 £ 9.6 9.3 88 21.3 £ 6.6 16.8 £ 6.3
W274C 100 =0 473 *0 100 =0 78.5 = 0*
W275C 354 * 4.8 16.7 = 4.3 169 = 4.2 13.3 =39
1276C 1.0+ 0.8 <1 222+ 88 174 x79

ECL3
F337C 1.5*+13 1.5*+13 100 = 0 100 * 0*
A338C 29+%17 29*17 199 = 9.2 199 9.2
F339C 36.4 * 6.6 364 * 6.6 13.0 £ 6.4 13.0 * 6.4
$340C 63.7 75 63.7 = 7.5% 23.0*x5.6 23.0*x5.6
P341C 51.5%£99 51.5 * 9.9% 213 £4.3 213 4.3
E342C 204 * 4.8 204 *+ 4.8 18.8 £4.3 18.8 +4.3
D343C 92.6 = 5.6 92.6 = 5.6* 221 *37 221 *+37
A344C 100 £0 100 £ 0* 32079 320*79
M345C 94.8 * 6.4 94.8 *+ 6.4* 1.0+ 0.9 1.0+ 0.9
E346C 11.7 7.6 11.7 7.6 7.3 £4.7 7.3 £4.7
1347C 16.6 = 6.3 16.6 = 6.3 6.7t 19 6.7 %19
Q348C 24.0 = 5.2 24.0 = 5.2 11.0 £ 4.0 11.0 £ 4.0
L349C 36.3 £5.6 36.3*+5.6 12.0 £3.7 12.0 £ 3.7
F350C 10.8 = 2.6 10.8 = 2.6 32*15 32*%15
F351C 7.2+ 4.7 72+ 4.7 1.0+ 09 1.0+ 0.9
E352C 57.3£9.0 57.3 = 9.0* 10.0 £ 4.6 10.0 = 4.6
L353C 0.2 *=0.2 <1 23*16 23*1.6

R278C mutant, attempting to stabilize the complex with appro-  exhibited similar potency secretin-stimulated cAMP responses
priate cysteine-containing secretin analogues (Cys'-sec and to that of wild type secretin receptor (Fig. 9, top panels). When
Cys®-sec). This mutant bound secretin with similar affinity and  tested for binding and biological activity using Cys'-sec, muta-
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FIGURE 6. lllustration of receptor residues important for spatial approxi-
mation. Shown are schematic diagrams of three secretin receptor ECLs illus-
trating spatially approximated receptor residues for positions 7 (top row) and
6 (second row) of secretin identified in the current study and those for posi-
tions 5 (third row) and 2 (bottom row). Residues highlighted in black circles had
overall labeling intensities of >50% of the maximal signal with that probe,
whereas those highlighted in gray had labeling intensities of 25-50% (Table 1
and Ref. 5).

tion of Arg®”® to a cysteine had no significant impact (Fig. 9,

middle panels). Interestingly, this cysteine mutation resulted in
a 6.4-fold increase in affinity of binding Cys®-sec compared
with that at the wild type secretin receptor (Fig. 9, bottom pan-
els). However, although stabilizing the binding pose, the con-
formation did not facilitate biological activity, with a lower
response than wild type receptor (Fig. 9, bottom panels).

Discussion

The helix N-capping motif that is highly conserved within
the natural peptide ligands for the class B1 G protein-coupled
receptors has been the focus of substantial interest in recent
years (1, 23). In addition to its likely role to stabilize the helical
conformation extending through the mid-region and carboxyl-
terminal region of these peptides, it has been postulated to play
adirect role in activation of these receptors and possibly even to
serve as a structural lead to small molecule agonist develop-
ment (1, 23). However, little is known about the site of docking
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this motif and the receptor residues that might be adjacent to it
as docked in an activated ligand-receptor complex. Replace-
ment of the residues that contribute to this motif with a photo-
labile residue for photoaffinity labeling has been attempted (24,
25), but there has been concern that the requirement for a rel-
atively large and bulky hydrophobic moiety that is necessary to
achieve photoactivation might have provided misleading
insights into natural spatial approximations that are critical for
agonist activity. In the current work, therefore, we replaced
these residues with smaller cysteine residues that could be used
to establish relatively short and geometrically defined disulfide
bonds with cysteine residues in the receptor having the proper
spatial relationship. By incorporating cross-linkable cysteine
residues into every possible position at the top of transmem-
brane segments and into each of the extracellular loops, global
screening could be achieved.

This approach also provides the advantage of probing spatial
approximation that might exist at any stage along the dynamic
process of ligand docking and conformational change in the
ligand-receptor complex that is believed to occur. This is dif-
ferent from intrinsic photoaffinity labeling approaches in which
spatial approximation can be established at a single point in
time after stable ligand docking using photolysis. We know
from very recent observations with the glucagon receptor (6)
that the holo-receptor assumes a variety of conformations
spanning from the dominant closed conformation with the
receptor amino terminus covering the top of the helical bundle,
likely occluding the orthosteric peptide ligand binding site, and
interacting with all three extracellular loop regions at the top of
the helical bundle, to an open conformation with the receptor
amino terminus perpendicular to the membrane surface that
can be stabilized by a bound peptide ligand (6). It was proposed
that the natural peptide ligand could select this open conforma-
tion, binding first to the cleft in the receptor amino terminus
and then subsequently to the ] region high in the helical bundle
that is likely responsible for biological activity (6). The helix
N-capping motif within the natural ligand is positioned
between the parts of the ligand that are known to dock within
the receptor amino terminus and that are most critical for bio-
logical activity. This is clearly a site of considerable dynamic
change in conformation and possible important spatial approx-
imations with the receptor. Another possible explanation for
the promiscuity of cysteine labeling involves local unfolding or
misfolding in a small percentage of receptors. Although this
cannot be ruled out, the ability to accommodate these experi-
mentally derived spatial approximations within a credible
molecular model provides some assurance that these are
meaningful.

Indeed, in our current series of studies, each component of
the helix N-capping motif yielded a distinct set of disulfide
bonds. Of interest, the position 10 probe did not yield any
demonstrable disulfide bonds at all despite having binding
affinity at least as high as the other probes and being fully bio-
logically active. This is consistent with the side group of that
residue establishing a hydrophobic interaction with the side
group of residue five as part of the N-capping motif (1, 23). It
might, therefore, play a role in internal stabilization of such a
motif rather than being available to interact directly with the
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A

FIGURE 7. Predicted residue-residue spatial approximations within the secretin-occupied secretin receptor model. A, the most energetically favorable
secretin-receptor model is shown. Receptor TM helices are colored red, and secretin is shown in green ribbon representation. Note the close interaction
between the secretin amino terminus and ECL2, ECL3, TM5, and TM6. B, a surface representation of the secretin-receptor model is shown, and residues labeled
by Cys®-sec and Cys’-sec are shaded red. C, His' and Ser? at the amino terminus of secretin (green CPK carbon spheres and sticks) are shown to have spatial
approximation with Trp2°® (ECL2), Phe3” (TM6), and Glu*? (ECL3). Trp?’> was mutated as a negative control and is also highlighted. D, a salt bridge is formed
between secretin Asp® (green carbon CPK sphere and sticks) and receptor residue Arg?’® (TM5). CPK, Corey-Pauling-Koltun.

receptor. It was also interesting that the position seven probe
yielded only two sites of efficient bond formation, in residues
Trp>”* at the top of transmembrane segment five and Phe®*” at
the top of transmembrane segment six, both of which can be
positioned relatively close to each other in space as well as
simultaneously forming a complex with a single residue within
aligand docked into the helical bundle. The model predicts that
Phe®*” makes - stacking with His' of the peptide at the floor
of the pocket, and Trp>”* points away, allowing Arg®”® to make
akey charge-charge interaction. Of note, both of these receptor

5180 JOURNAL OF BIOLOGICAL CHEMISTRY

residues are positioned adjacent to each other in the TM bun-
dle. In the model, Thr” of the peptide is sandwiched between
two hydrophobic residues (Ile**” and Leu®*?). In the classical
N-capping motif, the side group of the threonine residue in
position seven points away from the motif and could easily
point toward a stable site of interaction with both of these res-
idues within the receptor. We utilized this set of approxima-
tions as key to modifying our previous molecular model of the
secretin-occupied secretin receptor. The position six probe,
like the position two and position five probes studied in analo-
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FIGURE 8. Functional characterization of secretin receptor mutants. Left, curves for increasing concentrations of secretin to compete for binding of a
constant amount of radioligand, '?*I-[Tyr'°lsec(1-27), in COS-1 cells transiently expressing wild type (WT) and the indicated alanine mutant secretin receptor
constructs. Values represent the percentages of saturable binding, expressed as the means = S.E. of duplicate values from a minimum of three independent
experiments. Right, concentration-dependent intracellular cAMP responses in response to secretin in these cells. Data points represent the means = S.E. of
three independent experiments performed in duplicate, normalized relative to the maximal responses in these cells.

TABLE 2

Binding and biological activity characteristics of wild type and mutant
secretin receptors expressed in COS-1 cells

Values represent the means * S.E. of a minimum of data from three independent
assays performed in duplicate. Two-tailed ¢ tests were performed to determine the
significance of differences using Prism ver. 5 (GraphPad Software, San Diego, CA).
ND, not determined.

Secretin binding Intracellular cAMP response

Receptor
constructs K, B ax EC,, E, .«
nm Binding sites/cell X 10° nm pmol/10° cells

WT 28+03 157+ 16 0.07 £ 0.03 193 £ 55
W265A ND ND ND ND

W275A 34*02 53.8*47" 0.06 * 0.02 189 = 47
R278A 29*+06 66.2*11.2° 0.5+ 0.1¢ 202 = 50
R278C 3.8*+05 782*122 0.1 = 0.02 182 * 48
F337A 9.2 + 0.5 46.6 *+ 9.0" 18.6 = 5.1¢ 188 * 56
E352A 22*0.6 555 56" 4.4+ 0.3 199 £ 42

“ Values significantly different from that of WT receptor (p <0.01).

gous manner previously (5), formed multiple disulfide bonds
with residues scattered throughout extracellular loops two and
three. These spatial approximation constraints were also uti-
lized in the evolving molecular model, although they were used
as softer constraints that could have been more dynamically
active and less stable as docked.

Although the probe with cysteine in position seven labeled
only two receptor residues with high relative intensity (>50% of
the maximal signal attained with that probe for a residue in any
loop; A344C = 100%), the probe with cysteine in position six
labeled at least six residues with similar high relative intensity,
with all of these within ECL3 (F337C = 100%). Diffuse loop
three labeling had also been observed with the position two and
five probes previously (5). With these new insights it became
clear that we had to modify the conformation and location of
this loop in our most recent molecular model (5) to satisfy all of
these experimentally derived constraints. The best way to
accommodate these was to bring this loop over the amino ter-
minus of the docked ligand as a “cover” for this portion of the
ligand. It is noteworthy that this also means that ECL3 adjusts
to provide a surface to potentially interact with the base of the
receptor amino-terminal domain. Indeed, such an interaction
between these two domains was proposed recently for the glu-
cagon receptor (26), where modifying residues within ECL3
was postulated to disrupt such an interaction and an antibody
known to bind to the top face of the receptor amino terminus
lost its inverse agonist action. In other G protein-coupled
receptors, extracellular loops have been found to provide an
analogous “lid” function above an agonist ligand (27).
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Although high resolution crystal structures have been solved
for a series of intact G protein-coupled receptors (28), until
quite recently these have all been in the class A family that has
been predicted to be quite distinct from those receptors in the
class B family (29). Our best insight into the class B structure
came from the crystallization of the extracellular amino-termi-
nal domains of several members of the B1 group (30, 31), some
of these also including complexed peptide ligands (30, 31).
Indeed, these observations have confirmed the presence of a
highly conserved conformational motif, called a “sushi motif,”
which is formed by three intradomain disulfide bonds linking
two antiparallel 3 sheet regions and various loops as well as a
less consistent amino-terminal helix (30, 31). This structure
provides a hydrophobic cleft for the docking of the carboxyl-
terminal region of the natural peptide ligands in a-helical con-
formation (32). The first two crystal structures of isolated heli-
cal bundles of the glucagon and corticotropin releasing factor-1
receptors were finally reported in 2013, confirming differences
that had been predicted from the helical bundles of class A
GPCRs (18, 33). It is important to note that the orientation of
the receptor amino-terminal domain relative to its core trans-
membrane domain of the class B GPCRs is still poorly under-
stood, as demonstrated by a highly diverse set of proposed holo-
receptor structures (5, 30). Adding to this uncertainty is the
prediction that the helical bundle of the class B G protein-cou-
pled receptors will be quite different from that of the class A
receptors, now well defined in the crystal structures (18, 33).

The helical bundles of the glucagon and corticotrophin
releasing factor-1 receptors exhibit a more open cavity in the
extracellular side of the bilayer, whereas the intracellular face of
the bundles was much like that of the class A receptors. Indeed,
with receptors in both major families binding to and activating
the same set of heterotrimeric G proteins, this seems quite log-
ical. Extrapolating from this, one might also predict that the
critical movements of transmembrane segments six, seven, and
five that have now been consistently observed in the class A
receptors that are associated with the activated state (34—37)
will also be required for the class B receptors. Perhaps the large
open cavity high in the helical bundle helps to explain why it has
been so difficult to develop high affinity and high potency small
molecule agonists for the class B G protein-coupled receptors
and why the lead compounds that have been identified in high
throughput screening efforts for the same receptor (example of
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FIGURE 9. Complementary mutagenesis data. Left, curves for increasing concentrations of secretin (top), Cys'-sec (middle), and Cys>-sec (bottom) to compete
for binding of a constant amount of radioligand, '°I-[Tyr'®lsec(1-27), in COS-1 cells transiently expressing wild type (WT) and R278C mutant secretin receptor
constructs. Values represent the percentages of saturable binding, expressed as the means = S.E. of duplicate values from a minimum of three independent
experiments. Right, concentration-dependent intracellular cAMP responses in response to secretin (top), Cys'-sec (middle) and Cys>-sec (bottom) in these cells.
Data points represent the means = S.E. of three independent experiments performed in duplicate, normalized relative to the maximal responses in these cells.

small molecule GLP-1 receptor agonists) may have such diverse
structures (38). A better understanding of the docking of the
amino terminus of a natural peptide ligand for the secretin
receptor should help provide more insight into the molecular
basis for activating a prototypic receptor in this family.

Indeed, it is quite interesting that the most specific spatial
approximations determined in this work are with residues at
the top of transmembrane segments five and six. These seem to
be ideal sites to provide tension on these critical segments to
transmit changes in conformation at the G protein-coupling
interface. Receptor mutagenesis and photoaffinity labeling
studies of the secretin receptor have supported important roles
for these regions as well (5, 19, 20). This theme has been further
supported by mutagenesis and photoaffinity labeling of other
closely related receptors in this family (20, 32).

The results of the current cysteine trapping efforts, focused
on the residues predicted to contribute to the helix N-capping
motif, are consistent with the presence of such a motif in the
secretin peptide as it is bound to its receptor. They also provide
new focus on the residue in the second position of this motif,
Thr” in secretin, because of the limited and focused nature of its
covalent bonding pattern and the sites of those bonds. How-
ever, the relative absence of selectivity of the disulfide bonds
observed now to be formed through the residue in position six

5182 JOURNAL OF BIOLOGICAL CHEMISTRY

and observed recently with residues in positions two and five (5)
may indicate less specificity to their interactions and greater
dynamic motion of these positions relative to the receptor as
the peptide docks. Indeed, structure-activity series for residues
in the amino terminus of secretin have indicated that a variety
of residues that can support biological activity (39 —-41). This
could suggest that the most important role of the helix N-cap-
ping motif is in stabilizing the helix rather than its having a
“structural lead” role in drug development.

The floor of the secretin binding site within the TM bundle is
predicted to comprise residues Ile*”” (TM5), Ile**® (TM3), and
Tyr*** (TM6) with Trp2°® in ECL2 and Phe*” in the top of TM6
above the amino terminus of the peptide ligand. The a-amino
group of the amino-terminal His' residue of secretin is pre-
dicted to make a salt bridge with Glu®*? in ECL3. Indeed, ala-
nine replacement of Phe®*” resulted in a 3.3-fold loss in binding
affinity and a 266-fold loss in secretin-stimulated cAMP pro-
duction. Alanine replacement of Glu*** did not yield significant
change in binding affinity, but it resulted in a 63-fold loss in
secretin-stimulated cAMP production. Unfortunately, W265A
was not detectable on the cell surface, so we were unable to test
its function.

The model also suggests that secretin residue Asp is closest

278

to Arg®’® in the top of TM5, likely representing a charge-charge
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interaction. Although alanine replacement of this residue did
not yield significant change in binding affinity, it resulted in a
7.1-fold reduction in secretin-stimulated cAMP production.
Most interesting is that cysteine replacement of Arg®’® that
provided an acceptor for a new disulfide bond with Cys>-sec
resulted in a 6.4-fold increase in binding affinity, although this
did not lead to paralleled enhancement of biological activity.
This confirmed the likely close spatial approximation between
position 3 of secretin and Arg®”® of the receptor. It should be
mentioned that previous mutagenesis studies showed that Asp®
of secretin might be close to Tyr'*® in the juxtamembranous
region of the receptor amino-terminal domain (42), Arg'®® in
TM2, and Lys'”? and Asp'”* in ECL1 (43), whereas Asp® of VIP
might be close to Arg*®® and Lys'®® in ECL2 of VPAC1 (44) and
Arg'”? in TM2 of VPAC2 (45). In the glucagon receptor, posi-
tion 3 of glucagon (GIn®) was predicted to be close to Ile*** in
TM2 of the glucagon receptor (46 —48). Although these data
generally support that the amino-terminal region of the class B
GPCR ligands resides within their receptor core, the details of
the residue spatial approximation remain unclear until the
structure of the receptor extracellular loops is resolved.

As we better understand the critical molecular interactions
in this agonist pocket, it is likely that a variety of chemistries will
be required to provide complementation and activation.
Although the diversity of GLP-1 receptor small molecule ago-
nists may seem to support this, it is not yet clear where they
each might dock, and the possibility exists that these receptors
can be activated by agents acting at a variety of sites, including
the intracellular face of the receptor (49). The current work has
provided new insights into the natural agonist binding pocket
and a key interaction that may occur there. Higher resolution
structures for receptors in this family, particularly as com-
plexed with agonist ligands, will be critical to give us the same
level of understanding for the class B GPCRs that we are begin-
ning to appreciate for the class A GPCRs.
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