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ABSTRACT: The natural ligands for family B G protein-coupled receptors are moderate-
length linear peptides having diffuse pharmacophores. The amino-terminal regions of these
ligands are critical for biological activity, with their amino-terminal truncation leading to
production of orthosteric antagonists. The carboxyl-terminal regions of these peptides are
thought to occupy a ligand-binding cleft within the disulfide-bonded amino-terminal domains
of these receptors, with the peptides in amphipathic helical conformations. In this work, we
have characterized the binding and activity of a series of 11 truncated and lactam-constrained
secretin(5—27) analogues at the prototypic member of this family, the secretin receptor. One
peptide in this series with lactam connecting residues 16 and 20 [c[E'SK*°][Y"*]sec(5—27)]

improved the binding affinity of its unconstrained parental peptide 22-fold while retaining the

absence of endogenous biological activity and competitive antagonist characteristics. Homology modeling with molecular
mechanics and molecular dynamics simulations established that this constrained peptide occupies the ligand-binding cleft in an
orientation similar to that of natural full-length secretin and provided insights into why this peptide was more effective than other
truncated conformationally constrained peptides in the series. This lactam bridge is believed to stabilize an extended a-helical
conformation of this peptide while in solution and not to interfere with critical residue—residue approximations while docked to

the receptor.

he secretin receptor is a prototypic member of family B of
G protein-coupled receptors (GPCRs) that contains a
number of important drug targets. Members of this family
include receptors for glucagon-like peptide-1 (GLP-1),
glucagon, glucose-dependent insulinotropic polypeptide, para-
thyroid hormone (PTH), calcitonin, corticotropin releasing
factor (CRF), vasoactive intestinal polypeptide (VIP), and
pituitary adenylate cyclase-activating peptide (PACAP) and have
potential roles in the management of many human diseases,
such as diabetes, bone disease, and neuropsychiatric and even
neoplastic disorders.”” Understanding the molecular basis for
the binding and action of natural ligands for these receptors can
provide insights useful in the development of drugs acting at
their orthosteric binding sites with the capacity to produce a
spectrum of biological effects. An important component in
understanding receptor activation is the proposed two-site
model of ligand interaction in which the peptide carboxyl
terminus is thought to bind to the folded, disulfide-constrained
receptor amino terminus and the peptide amino terminus is
then directed to interact with the receptor helical bundle, thus
initiating the conformational change in the receptor that results
in biological activity.*~>
All natural ligands for family B GPCRs are moderate-length
peptides that contain diffuse pharmacophores extending
throughout the length of these ligands.z'6 Secretin is quite
typical, being a 27-residue carboxyamidated linear peptide that
is produced in the small intestinal mucosa and secreted in
response to luminal acid, resulting in the stimulation of biliary
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and pancreatic ductular bicarbonate and water secretion, and
thereby regulating the pH of the duodenal contents.”® As is the
case for all of these peptides, the carboxyl-terminal portion is
most critical for high-affinity binding, while the amino-terminal
portion is most critical for receptor selectivity and activation.’
Residues throughout the length of secretin have been shown to
contribute to receptor binding and biological activity.'” In a
hydrophobic environment similar to the membrane, secretin
has been shown to adopt a conformation consisting of two
helical segments involving residues 7—13 and 17-25."'~"*
Family B GPCRs possess a characteristic amino-terminal
structure established by three intradomain disulfide bonds, with
two antiparallel -sheets and several loops.'*~>* This structure
provides a long peptide-binding cleft that has been shown in
nuclear magnetic resonance (NMR) and crystal structures of
isolated receptor amino-terminal domains and interacting
peptides to accommodate a-helical portions of the pep-
tides.">™>* Indeed, in intact receptor mutagenesis, ligand
structure—activity, and photoaffinity labeling studies, the
carboxyl-terminal regions of the natural ligands have been
shown to interact with this domain.>>~>* The receptor docking
of the amino-terminal ends of the natural peptide ligands has
been more difficult to define. This portion of the peptide
ligands seems to be directed toward the receptor helical bundle
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and loop regions,> > but no consistent site of docking has yet
been established. Even modeling such an interaction has been
problematic, because of the absence of a three-dimensional
structure for the intact receptors in this family and data
suggesting that even the helical bundle may be structurally
distinct from that characteristic of family A GPCRs.**™*’
Recently, we have proposed a ligand-bound intact secretin
receptor model that accommodates all existing experimental
data, including all structure—activity observations, as well as
spatial approximation constraints provided by 11 sets of photo-
affinity labeling data and 16 sets of fluorescence resonance
energy transfer distances.>®

It has long been recognized that amino-terminal truncation
of natural peptide li§ands for family B GPCRs results in com-
petitive antagonists. °~*! However, because the peptide amino
terminus also contributes receptor-binding determinants,
truncation often leads to reduced binding affinity.**~** Secretin
is typical of this theme.'®****~* It is necessary to truncate the
four amino-terminal residues to eliminate all endogenous
agonist activity from secretin, but the resulting peptide has a
binding affinity more than 2 orders of magnitude lower than
that of the natural ligand.*>**~** This likely reflects the absence
of some critical binding determinants as well as the possibility
that the helical conformation of this peptide is less stable
because of the loss of an effective helix N-capping motif.*

A goal of this work was to utilize lactam bonds to constrain
secretin analogues and thereby provide insights into the
conformations of secretin that might be accommodated within
the normal peptide-binding cleft within the receptor amino
terminus. Utilizing these constraints within truncated secretin
peptides had the additional potential benefit of helping to create
more effective receptor antagonists. For this, we prepared a
series of truncated secretin(5—27) analogues incorporating a
lactam bridge constraint in various positions. Of the 11 such
analogues, one with a lactam bridge linking residues in positions
16 and 20 showed significant improvement of binding affinity
and inhibition of secretin-stimulated biological activity. Addi-
tionally, full-length secretin analogues incorporating the lactam
bridge in the same position maintained the same binding affinity
and biological activity as natural secretin.

B MATERIALS AND METHODS

Materials. Fmoc amino acids used for peptide synthesis
were purchased from Advanced ChemTech (Louisville, KY),
and PAL resin was from Sigma-Aldrich (St. Louis, MO). Ham’s
F-12 medium and soybean trypsin inhibitor were from
Invitrogen (Carlsbad, CA). Bovine serum albumin was from
Serologicals Corp. (Norcross, GA). 3-Isobutyl-1-methyl-
xanthine was from Sigma. Fetal clone II culture medium
supplement was from Hyclone laboratories (Logan, UT). The
solid-phase oxidant, N-chlorobenzenesulfonamide (IODO-
BEADs), was purchased from Pierce Chemical Co. (Rockford,
IL). The secretin-like radioligand, [Tyr'®Jrat secretin(1—27),
was prepared as we previously described.*® All other reagents
were of analytical grade.

Peptide Synthesis. The 15 secretin analogues prepared
for this study are illustrated in Figure 1. These include
[Tyr'°Thuman secretin(1-27) [[Y'%]sec(1-27)] (1),
[Y'°Jhuman secretin(5—27) [[Y'°]sec(5—27)] (2), and a series
of [Tyr'%Jsec(5—27) analogues that contain a lactam bridge
between lysine and glutamic acid residues present and spaced
three to four residues apart within the peptide (3—13).
Additionally, two lactam-constrained full-length secretin
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Peptide No.  Peptide

Sequence

20 25

“GARLQRLLQGLVNH
LORLLQGLVNH
\RLORLLQGLVx:
LORLLQOGLVnH

Sec(1-27)
[Y19]sec(1-27)
[Y'%]sec(5-27)
c[K5,E9|[Y10]sec(5-27)
c[KS,E°|[Y'%]sec(5-27)
c[E",K"][Y1%]sec(5-27)
c[K',E™5][Y19]sec(5-27)
c[E"5,K'8][Y19]sec(5-27)
c[E'8,K2][Y1%]sec(5-27)
c[E"7,K2][Y1%]sec(5-27)
c[E"7,K2'][Y1%]sec(5-27)
c[E'8,K2"][Y1%]sec(5-27)
c[E2" K24][Y19]sec(5-27)
c[E2!, K25][Y19]sec(5-27) T 3
c[E'6,K2)[Y'0sec(1-27) HSDGTEFTSEY ARLKRLL
c[E'6,K20]sec(1-27) HSDGTFTSELSRLREEARLKRLL
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Figure 1. Primary structures of secretin analogues used in this study.
Shown are the amino acid sequences of natural human secretin
[sec(1-27)], [YIsec(1-27) (1), [Y'*]sec(5—27) (2), and lactam-
constrained truncated (3—13) and full-length (14 and 15) secretin
analogues. Natural residues are colored gray, while modified residues
are colored black. Lactam bridges linking the side chains of Lys and
Glu residues three to four positions apart are illustrated with solid lines
and identified as cyclo (c) analogues.

analogues, cyclic [Glu'®,Lys?®][Tyr'°Thuman secretin(1—27)
[c[E"K*][Y"]sec(1-27)] (14) and cyclic [Glu'®Lys*]-
human secretin(1—27) [c[E'*,K**]sec(1-27)] (15), were
synthesized. Each of the peptides (1—14) in the series
incorporated a tyrosine in position 10 to replace the natural
leucine in that position for accurate determination of peptide
concentrations by UV absorption spectrometry and for
potential use for radioiodination. This modification has
previously been shown to be well-tolerated, not interfering
with peptide binding or biological activity.*”**

Each of the peptides described in Figure 1 was synthesized
using standard solid-phase techniques with 0.25 mmol of
PAL resin (substitution, 0.6 mmol/g) and 1 mmol of each
amino acid in its Fmoc-protected form, using double coupling
as necessary based on testing each cycle of synthesis for
completion, as we have described previously.*” N-a-Fmoc-N-¢-
4-methyltrityl-L-lysine and N-a-Fmoc-L-glutamic acid-y-2-phe-
nylisopropyl ester were incorporated into the peptides in the
positions of the lactam bridges (Figure 1) during synthesis.
After the addition of all residues for each peptide, while the
peptide was still on the resin, the methyltrityl and phenyl-
isopropyl protection groups were removed using 10 mL of 1.8%
trifluoroacetic acid in CH,Cl, per gram of resin (10 X 3 min)
until the ninhydrin test became positive.*® The resin-bound
peptide was then washed with dimethylformamide, and
N,N,N',N"-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexa-
fluorophosphate (1.2 mmol) and N,N-diisopropylethylamine
(2 mmol) were added to allow the formation of the lactam
bridge through the e-amino group of lysine and the -carboxyl
group of glutamic acid. This typically was allowed to react for
2 h until the ninhydrin test became negative. The peptide
was then washed with dimethylformamide, and the a-amino
group Fmoc protection was removed with 20% piperidine in
dimethylformamide. The peptide was then cleaved from the
resin using a solution of 6.25% (w/v) phenol, 2% (v/v) triiso-
propylsilane, 4% (v/v) thioanisole, 4% (v/v) distilled water,
and 83% (v/v) trifluoroacetic acid. This also removed all side
chain protecting groups. The peptide was then precipitated in
ether and lyophilized. The yield of crude peptide was typically
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in the range of 10—15% of that theoretically possible if all resin
sites were fully utilized. All the peptides were dissolved in 10%
acetonitrile and purified to homogeneity by reversed-phase
HPLC using an octadecylsilane column running a 10 to 60%
acetonitrile concentration gradient in the presence of 0.1%
trifluoroacetic acid. Purified peptide represented 3—8% of the
crude peptide collected (typical profiles in the Supporting
Information). Retention times and molecular masses, as
determined by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry, are listed in Table 1.

Table 1. Characterization of Secretin Analogues by Mass
Spectrometry and HPLC“

calcd mass measured retention time
secretin analogue (Da) mass (Da) (min)
1 [Y9sec(1-27) 3089.0 3087.4 27.4
2 [Y¥sec(5-27) 2693.4 2694.2 27.9
3 [KE][Y]sec(5-27) 2702.5 2702.5 27.8
4 [KEE][Y)sec(5—27) 2648.4 2648.8 27.0
5 c[E'KM][Y"]sec(5—27)  2689.4 2689.7 29.5
6  [K'LES][Y")sec(5-27) 27165 2714.5 28.1
7 [BSKM¥][Ysec(5—27) 26474 2647.6 31.0
8  c[EKM][Y"]sec(5—27) 2747.5 2747.6 29.4
9 [EYVKP®I[Y")sec(5-27)  2733.5 2733.7 29.4
10 c[E7K*)[Y")sec(5—27)  2705.4 2706.0 29.9
11 c[E¥KM][Y"]sec(5—27)  2620.3 2620.4 315
12 (B KR*)[Y'sec(5—27) 26484 2648.8 30.3
13 (B KP][Y)sec(5-27) 27194 2719.8 32.6
14 c[EYKP][Ysec(1-27)  3144.0 31453 29.3
15 c[E'°K®]sec(1-27) 3094.0 3094.0 30.0

“Molecular masses of the synthetic products were determined by
matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry. Purified peptides were analyzed by reversed-phase HPLC on
an octadecylsilane column running a 10 to 60% acetonitrile gradient
with a background of 0.1% trifluoroacetic acid.

Radioiodination. The secretin radioligand was prepared
by the oxidative radioiodination of [Tyr'’]rat secretin(1—27)
using 1 mCi of Na'*I and exposure to the IODO-BEAD solid-
phase oxidant for 15 s in 0.1 M borate buffer (pH 9), as we
have previously described.”” The product was purified using
reverse-phase HPLC to yield a specific radioactivity of
approximately 2000 Ci/mmol.*’

Cell Line and Membrane Preparation. The previously
established Chinese hamster ovary cell line expressing the
human secretin receptor (CHO-SecR cells)*' was used as a
source of receptor for this study. Cells were cultured at 37 °C
in an environment containing 5% CO, on tissue culture
plasticware in Ham’s F-12 medium supplemented with 5%
Fetal Clone II and were passaged approximately twice a week.
Enriched plasma membranes from CHO-SecR cells were
prepared using discontinuous sucrose gradient centrifugation>
and were stored in aliquots in Krebs-Ringers/HEPES (KRH)
medium [25 mM HEPES (pH 7.4), 104 mM NaCl, S mM KC],
2 mM CaCl,, 1 mM KH,PO,, and 1.2 mM MgSO,] containing
0.01% soybean trypsin inhibitor and 1 mM phenylmethane-
sulfonyl fluoride at —80 °C until use.

Receptor Binding Assays. The receptor binding charac-
teristics of each of the secretin analogues listed in Table 1 were
determined using receptor-bearing membranes and a radio-
ligand competition binding assay. In brief, approximately
5—10 pug of CHO-SecR cell membranes was incubated with a
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constant amount of secretin radioligand (approximately 10000
cpm, representing 1—3 pM) and increasing concentrations of
[Tyr'Jsec(1—27) (1), [Tyr'®Isec(5—27) (2), or the lactam-
constrained [Tyr'"Jsec(5—27) or [Tyr'®Jsec(1—27) analogues
(3—15) (from 0 to 1 uM) in KRH medium containing 0.01%
soybean trypsin inhibitor, 1 mM phenylmethanesulfonyl
fluoride, and 0.2% bovine serum albumin for 1 h at room
temperature (reaction volume, 100 uL) in a 96-well plate.
Separation of bound from free radioligand was performed using
a UniFilter-96 device in a FilterMate harvester (PerkinElmer,
Boston, MA), with bound radioactivity quantified using a
TopCount spectrometer (PerkinElmer). Nonsaturable binding,
determined in the presence of 1 uM [Tyr'%]sec(1-27),
represented less than 20% of total radioligand bound. Binding
data were expressed as percentages of saturable binding with
the nonsaturable portion subtracted.

cAMP Assays. The biological activity of each of the full-
length secretin analogues (1, 14, and 15) was determined by
examining their ability to stimulate cAMP responses in CHO-
SecR cells. The truncated secretin(5—27) analogues are known
to represent antagonists.*”*>>> The ability of selected members
of this series [[Tyr'%Jsec(5—27) (2) and c[E¥ KT [Y]sec(5—
27) (8)] to antagonize the biological activity stimulated by
[Tyr'%]sec(1—27) (1) was determined by evaluating cAMP
responses in CHO-SecR cells. In brief, after cells (~8000 cells
per well in 96-well plates) were grown for 2 days, they were
washed with phosphate-buffered saline (PBS) and stimulated
with various concentrations of secretin, its analogues, and various
combinations of these ligands in KRH medium containing 0.01%
soybean trypsin inhibitor, 0.2% bovine serum albumin, 0.1%
bacitracin, and 1 mM 3-isobutyl-1-methylxanthine for 30 min at
37 °C. After cells were lysed with 6% ice-cold perchloric acid for
15 min with vigorous shaking, the lysates were adjusted to pH 6
with 30% NaHCO;. The cAMP levels in the lysates were
determined in a 384-well white Optiplate using a LANCE kit
from PerkinElmer.

Computational Methods. Molecular Mechanics Simu-
lations of the Peptides. Molecular mechanics simulations of
the isolated full-length secretin peptide [Y'%]sec(1—27) (1), the
truncated secretin peptide [Y'°]sec(5—27) (2), and lactam
analogues of the truncated peptide (3—13) (Table 1) were
performed using Internal Coordinate Mechanics (1ICm)**
(version 3.6, Molsoft LLC). The lactam bridges were built by
mutating the appropriate residues to Glu and Lys and creating
the peptide bond between the side chains of those residues.
Starting from the extended peptide chain, we performed peptide
folding simulations by sampling the conformational space of the
peptides in three independent runs of biased-probability Monte
Carlo (BPMC)*® simulations with 2 X 10° function calls at
600 K. The BMPC simulations minimize an energy function
that is a sum of ECEPP/3 energy,56_58 side chain entropy,® and
implicit solvation® terms. This reflects the average properties of
bulk water molecules, with their dielectric constant, rather than
the explicit use of water molecules in the simulation.

Molecular Dynamics Simulations of the Complex. Initial
complexes of full-length secretin, truncated secretin, and the
lactam analogues of truncated secretin in which the lactam
might directly modify peptide docking with the receptor amino-
terminal domain were built on the basis of the crystal structure
of the complex of GLP-1 and its receptor amino-terminal
domain (Protein Data Bank entry 3I0L).>* ICM was then used
for the homology modeling, wherein the sequences of the
peptide and receptor were aligned and tethered to the GLP-1
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peptide—receptor structure. It should be emphasized that this
approach was designed to optimize the likelihood that each of
the peptides would assume the normal helical conformation
after docking, even if each did not assume such a conformation
while in solution. The secretin peptide—receptor structures
were annealed to the tethers, and the conformational space of
the complex was sampled using 5 X 10° function calls of
BPMC>® simulations. The conformation with the best energy
from the Monte Carlo simulation was used to provide the initial
coordinates for the molecular dynamics (MD) simulations.

MD simulations in explicit solvent (including water
molecules) were performed using the CHARMM force field®
with CMAP®' in GROMACS version 4.5.3.°%% Each complex
was solvated in the TIP3P water model,** and the system was
made neutral by adding the appropriate number of counterions.
All systems were equilibrated under a canonical (NVT)
ensemble for 200 ps using the thermostat described by Bussi
et al,,®® with a relaxation time of 0.1 ps for temperature control.
The systems were further equilibrated in an isothermal—
isobaric (NPT) ensemble for an additional SO0 ps using the
Parrinello—Rahman barostat®® with a relaxation time of 2.0 ps.
The reference temperature and pressure for all systems were
300 K and 0.1 MPa, respectively, approximately corresponding
to physiological conditions. Position restraints (with a spring
constant of 1000 kJ mol™ nm™) were applied to all heavy
atoms of the protein complex during the equilibration.
Following equilibration, 20 ns production MD using 2 fs time
steps and the linear constraint solver method®” to constrain all
bond lengths was conducted per system using an NPT
ensemble. The Lennard-Jones interactions were switched off
between 10 and 12 A, and the neighbor list was updated every
10 fs. Electrostatic interactions were treated with the particle
mesh Ewald method® with fourth-order spline interpolation
and 1.6 A grid spacing and a short-range cutoff of 13 A.
Coordinates were saved every 1 ps for analysis using the built-in
analysis tools in GROMACS. The analyses were performed for
the last 10 ns of the simulation to ensure that the complex had
adequate time to diverge from its initial structure and to sample
local (atomic fluctuation and side chain motion) and medium-
scale (loop motion) motions to gain insights into the peptide
docking flexibility.

Because the length of the MD simulations does not allow
for global motions, such as peptide dissociation, the energy
components of the complexes were analyzed using ICM.
Coordinates were extracted every 25 ps for the last 10 ns of the
MD simulations. Monte Carlo side chain optimizations were
performed with ~15000 functional calls for each structure. The
energy components were calculated between the peptide region
extending from residue 15 to residue 25 and all receptor
residues with atoms within 5.0 A of the peptide. In addition, the
surface energy, defined as the product of the total solvent-
accessible area and the surface tension parameter (0.020 kcal
mol™ A™?),>” was calculated for the complex and for each of its
components.

Statistical Analysis. All biological assays were performed
in duplicate in a minimum of three independent experiments
and are expressed as the means =+ the standard error of the
mean. Receptor binding and cAMP concentration—response
curves were analyzed and plotted using the nonlinear regression
analysis program in the Prism software suite, version 3.0
(GraphPad Software, San Diego, CA). Binding kinetics were
determined by analysis with the LIGAND program of Munson
and Rodbard.®’ Two-tailed P value tests were performed to
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determine the significance of data differences using InStat3
(GraphPad Software).

Computational analyses were presented as means =+ the
standard deviation for the data from three independent molecular
mechanics simulations and for the data representing every 1 ps
during the last 10 ns of the molecular dynamics simulations.

B RESULTS

Peptides. Fifteen human secretin analogues, 13 of which
contained a lactam bridge (Figure 1), were synthesized by
solid-phase techniques and were purified by reversed-phase
HPLC to purities of >92%. The chemical identities of the
purified products were verified by mass spectrometry. Table 1
shows the calculated and measured masses as well as the
retention times for these peptides.

Binding Affinity of the Lactam-Constrained Secretin
Analogues. Figure 2 illustrates the receptor binding characteristics
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Figure 2. Binding affinities of the lactam-constrained [Y'*]sec(5—27)
analogues. Shown are curves reflecting the ability of increasing
concentrations of [Y'%]sec(1-27) (1), [Y']sec(5—27) (2), and
lactam-constrained [Y'%]sec(5—27) analogues (3—13) to compete
for binding of the secretin radioligand, [Y'®Jrat secretin(1—27), to
CHO-SecR cell membranes. Values represent percentages of saturable
binding, expressed as the means + SEM of duplicate values from a
minimum of three independent experiments.

of each of the secretin analogues. Of all the truncated peptides
tested (2—13), only c[E'K*][Y'%]sec(5—27) (8) was able to
fully compete for all saturable binding of the secretin
radioligand to CHO-SecR membranes. Although c[E'¢K*]-
[Y'%Jsec(5—27) (8) had a lower affinity than the full-length
secretin peptide, [Y'°Jsec(1-27) (1) (K; = 1.0 + 0.2 nM), its
affinity was significantly higher than that of [Y'%]sec(5—27)
(2). The peptide with the lactam constraint linking residues
16 and 20, c[E'K*][Y"]sec(5—27) (8), had an ICy, value
(concentration of this peptide competing for one-half of the
saturable binding of the radioligand) of 19 + 6 (K = 18 +
5 nM), while its parental peptide, [Y'°]sec(5—27) (2), had an
ICs, of 410 + 59 nM and did not fully displace all saturable
radioligand binding even at 1 uM (Figure 2). The only other
peptide that reached 50% inhibition of saturable radioligand
binding was c[E* K*][Y'"]sec(5—27) (13), with an ICg, of
690 + 78 nM (Figure 2). All other lactam-constrained peptides
(2—7 and 9—12) had affinities of >1 uM.

Antagonist Activity of the Lactam-Constrained
Secretin Analogues. Figure 3 shows that c[E'SK*°][Y"]sec-
(5—27) (8) was a secretin antagonist, having no endogenous
activity to stimulate cAMP in CHO-SecR cells at a con-
centration as high as 1 yM. The [Y'%]sec(1-27) (1)-stimulated
concentration-dependent cAMP responses in CHO-SecR cells
were shifted to the right by 0.1 uM c[E'"K*][Y"]sec(5—27)
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Figure 3. Antagonist activities of [Y'%]sec(5—27) (2) and its lactam-
constrained [E'¢K*][Y"]sec(5—27) (8) analogue. The top panel
shows intracellular cAMP responses to increasing concentrations of
[Ysec(1-27) (1), [Y¥sec(5—27) (2), c[E}¥K*>*][Y'%]sec(5—27)
(8) or [Y'%]sec(1—27) (1) in the presence of 0.1 uM [Y""]sec(5—27)
(1 and 2) or c[E'SK*°][Y*Jsec(5—27) (1 and 8) in CHO-SecR cells.
The bottom panel shows intracellular cAMP responses in CHO-SecR
cells by 10 pM [Y'%]sec(1-27) in the presence of increasing
concentrations of [Y'%]sec(5—27) (2) or c[E'K*°][Y'%]sec(5—27)
(8). Data points represent the means + SEM of three independent
experiments performed in duplicate, normalized relative to the
maximal responses in these cells to [Y'%]sec(1-27) (1). Basal and
maximal cAMP levels stimulated by [Y'*Jsec(1—27) (1) were 4.0 + 0.9
and 197 + S1 pmol/1 million cells, respectively.

(8). The ECq, value for the agonist in the presence of this
antagonist was 103 + 19 pM, significantly different from that
for stimulation by [Y'°Jsec(1—27) (1) alone (10 + 2 pM). In
addition, c[E'¢K*][Y*]sec(5—27) (8) inhibited 10 pM [Y'°]-
sec(1—27) (1)-stimulated cAMP responses in a concentration-
dependent manner (IC50 =34 + 8 nM) (Figure 3). In contrast,
the parental peptide [Y'°Jsec(5—27) (2), previously described
as a secretin antagonist,*>*™* was much less effective in
inhibiting [Y'"Jsec(1—27) (1)-induced cAMP responses in
CHO-SecR cells (Figure 3). The ECy, value for concen-
tration-dependent cAMP responses in CHO-SecR cells
stimulated by [Y'%]sec(1—27) (1) in the presence of [Y'"Jsec-
(5—27) (2) was 16 + 4 pM, not significantly different from that
stimulated by [Y'°]sec(1—27) (1) alone. In addition, [Y"*]sec-
(5-27) (2) was able to inhibit 10 pM [Y*]sec(1—27) (1)-
stimulated cAMP responses by only 27% at a concentration of
1 uM.

Binding and Biological Activities of Lactam-Con-
strained Full-Length Secretin Analogues. As described
above, the best position for incorporation of a lactam bond was
between residues 16 and 20 of secretin. Therefore, we prepared
two full-length secretin analogues incorporating a lactam bond
in this position with and without a tyrosine in position 10, i.e.,
c[E K] [Y)sec(1—-27) (14) and c[E'*K*]sec(1-27) (15).
Figure 4 shows that each peptide exhibited similar abilities to
compete for secretin radioligand binding, reflecting affinities
similar to those of the parental [Y'’]sec(1—27) peptide (1).
These full-length secretin analogues represented full agonists,
stimulating cAMP responses in CHO-SecR cells that were not
significantly different from that elicited by [Y'°Jsec(1-27) (1).
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Figure 4. Binding and biological activities of lactam-constrained full-
length [Y'°Jsec(1—27) analogues. The left panel shows curves
reflecting the ability of increasing concentrations of [Y'%]sec(1-27)
(1), c[EMK*][Y"]sec(1-27) (14), or c[E'K <2°]sec(1 27) (15) to
compete for binding of the secretin radioligand, [Y'°]rat secretin(1—
27), to CHO-SecR cell membranes. Values represent percentages of
saturable binding, expressed as the means + SEM of duplicate values
from a minimum of three independent experiments. The right panel
shows intracellular cAMP responses in CHO-SecR cells by [Y'%]sec-
(1-27) (1), c[E"K®][Y""]sec(1-27) (14), or c[E'*K*]sec(1—27)
(15). Data points represent the means + SEM of three independent
experiments performed in duplicate, normalized relative to the
maximal responses in these cells to [Y'°]sec(1-27) (1).

Molecular Mechanics Simulations of the Secretin
Peptides in Solution. The isolated fully extended forms of
the secretin peptides were allowed to fold using BPMC mole-
cular mechanics simulations. The lowest-energy conformations
in three independent simulations for each of the peptides are
shown in Figure S, with their properties quantified in Table 2.
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Figure 5. Molecular mechanics simulations of the soluble peptides.
Shown are the lowest-energy conformations from three independent
molecular mechanics simulations for each of the unbound lactam-
constrained secretin analogues (3—13) colored gray, with the
c[E" K°][Y*]sec(5—27) peptide (8) highlighted in blue, and the
lactam bridges expanded and colored by atom type. Also shown are
the lowest-energy conformations of the full-length secretin peptide (1)
and the truncated secretin(5—27) (2) in darker gray.

Of note, the lowest-energy conformations from three of
the lactam-constrained peptides, c[K*E’][Y'%]sec(5—27) (3),
c[EY K] [Y)sec(5—27) (8), and c[EY,K¥][Y]sec(5—27)
(10), revealed that these peptides had a tendency to assume
a conformation significantly more o-helical than that of
the unconstrained analogous parental peptide, [Y'*]sec(5—27)
(2), or any of the other secretin analogues containing lactams.
The numbers of residues involved in continuous a-helical
structure were 12.7 + 1.2, 14.7 + 2.5, and 14 + 0 for the three
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Table 2. Properties of the Unbound Peptide from the
Lowest-Energy Conformations of Three Independent Runs
per Peptide As Determined by Molecular Mechanics
Simulations in ICM

best energy accessible surface
secretin analogue (kcal/mol, +SD) area (A%, +SD)
1 [Y'%sec(1-27) —408.5 + 0.3 31163 + 67.3¢
2 [Y'"%]sec(5-27) —356.1 + 1.5 2608.8 + 76.5
3 [KS B [Y!0]sec(5—27) —337.7 + 0.4 2743.9 + 108.1
4 c[KSE)[Y*]sec(5—27) —336.8 + 0.9 2694.8 + 90.7
5 c[B" KM [Y"]sec(5—27) —323.8 + 0.5 2681.4 + 100.1
6 c[KMEN][Y)sec(5-27) —336.7 + 2.8 2669.1 + 108.4
7 c[BS K®¥][Y]sec(5-27) -311.7 + 1.4 2408.3 + 14237
8 c[E*¥ K] [Y]sec(5—27) —347.8 £ 2.3 2745.6 + 135.8
9 c[B7 K] [Y]sec(5-27) —344.6 + 0.3 2622.5 + 55.6
10 c[EY7KR*][Y"]sec(5-27) —331.5+ 0.3 2489.6 + 12.9¢
11 [E¥ R [Y]sec(5-27) —296.2 + 0.1 24184 + 151.37
12 c[E K] [Y]sec(5-27) —312.6 + 2.9 2476.6 + 5.3
13 c[E*K¥][Y]sec(5—27) —327.8 + 2.8 2602.7 + 175.9

“Significantly different from the value for c[E'¢K*°][Y""Jsec(5—27)
(p < 0.05).

lactam-containing peptides noted above, respectively. These
helices most consistently extended from residue 11 to 22
for c[KSE][Y']sec(5—27) (3), from residue 8 to 22 for
c[EY K] [Y)sec(5-27) (8), and from residue 11 to 24 for
c[EV K] [Y"]sec(5—27) (10). When analyzed in the same
way, the full-length peptide, [Y'°]sec(1—27) (1), had 21.7 +
1.2 residues involved in continuous a-helical structure,
extending from residue 2 to 22, although this represents a
helical content higher than that found for this peptide in a
membrane-mimetic solvent using NMR approaches.”'
Molecular Dynamics of the Secretin Peptide—Receptor
Complexes. MD simulations (20 ns) were performed for the
six lactam-constrained secretin analogues in which the location
of the lactam bridge is within the putative binding cleft of the
receptor amino-terminal domain. The stability of the peptide—
receptor complexes was determined through the root-mean-
square fluctuation (rmsf) of the C, atoms in the residues for the
last 10 ns of these simulations, a time period during which the
lactam analogues would have had enough time to diverge from
their initial structures. The rmsf values of the carboxyl-terminal
region of these peptides were comparable, ranging from 0.6 to
3.8 A, reflecting the stability of these complexes through the
given simulation time. Similarly, the receptor amino terminus in
these simulations also exhibited stability, with most residues
having an rmsf in the same range. However, the amino-terminal
region of the peptides, known to interact with the receptor
transmembrane domain,*”® displayed substantially higher rmsf
values in these simulations (up to 6 A), because that portion of

the receptor was not present to stabilize it in the structures used
for analysis.

The distances from the receptor to specific residues within
the secretin peptides (Arg'®, Leu'’, and Leu®) that were most
closely approximated with residues within the homology model
of the receptor amino-terminal domain in the complexes were
also determined (listed in Table 3). Ligand residues 19 and 23
of the lactam-constrained secretin analogues seemed to be
similarly oriented relative to the receptor amino-terminal
residues as were [Y'%]sec(5—27) (2) and [Y"%]sec(1-27) (1).
These secretin residues have been shown to represent critical
binding determinants in alanine scanning studies of secretin in
the peptide—receptor complex.'® The distances between these
ligand residues and their closest receptor residues were not
significantly different for any of the lactams versus the
unconstrained peptide. Of note, Arg'® within the c[E'¢K*]-
[Y%]sec(5—27) peptide (8) was found to have a shorter
distance to the proximate receptor residue, Met”, than any of
the other lactam-constrained peptides, with this distance similar
to that of the full-length secretin peptide. Figure 6 illustrates the
docking of this peptide with the amino-terminal domain of the
secretin receptor. The relationships between the key residues in
the ligand and receptor are illustrated for a sample
conformation in the MD simulation.

The solvent-accessible surface areas (ASA) of the peptides
during the last 10 ns of their MD simulations are listed in Table
4. Included are values for the intact complexes and for the
peptide and receptor components of the complexes, as well as
the change in accessible surface area (AASA = ASA omplex —
ASAreceptor — ASApepﬁde) that reflects the surface of the interface.

In addition, the van der Waals, hydrogen bond, and
electrostatic energies were calculated between peptide residues
15—25 and all neighboring receptor residues having atoms
within 5.0 A of this peptide region. Interestingly, c[E' K*]-
[Y'%]sec(5—27) (8) had more favorable hydrogen bond and
electrostatic energies than the other lactam-constrained
peptides (9—13). The van der Waals energy of peptide (8)
was also more favorable than those of most lactam analogues,
with the exception of peptide (12) (Table 4). Furthermore, the
surface energy of the complex (AEy = AEgcomplex — AEgreceptor
— AEsﬂpeptide) was determined via ICM as the product of the
total solvent-accessible area and the surface tension parameter.
The surface energy of the c[E'*K*][Y'*Jsec(5—27) peptide
was more favorable than those of the other lactam analogues,
with the exception of that of peptide (12). Because the tension
parameter is constant, the favorable surface energy reflects the
change in the accessible surface area due to the formed
interface.

Table 3. Minimum Distances between Particular Residues within Peptide—Receptor Pairs®

1, [Y"] 2, [Y"] 8, c[E' K] 9, c[BV K]

sec(1—27) sec(5—27)  [Y'%sec(5—27) [Y'Jsec(5—27)
Arg'®—Met”® 955 + 120  8.16 + 0.87 9.82 + 1.26 18.46 + 1.60
Leu”—Leu® 397 + 028  3.53 + 0.52 4.02 + 035 413 + 033
Leu®—Val® 419 + 0.56  4.63 + 0.30 4.00 + 0.32 4.10 + 0.44
Lev®-Val® 389 + 029 807 + 0.57 4.06 + 0.35 4.06 + 045
Leu~Leu”  4.05 + 039  4.86 + 0.65 4.87 + 0.84 7.78 + 1.17
Leu-Phe”®  4.56 + 078 537 + 0.49 3.97 + 038 3.96 + 049
Leu-Leu” 895 +2.04  7.53 + 0.85 425 + 055 6.82 + 1.00

12, c[E* K*]
[Y"“)sec(5—27)

13, c[E* K*]

10, c[E7 k%]
[Y"]sec(5-27)

[Y'"%]sec(5-27)

11, c[E'¥ K]
[Y'%)sec(5—27)

16.08 + 1.39 17.585 + 1.27 11.79 + 2.06 15.49 + 0.69
6.33 +£0.79 4.28 + 0.50 448 + 0.95 9.37 + 1.11
4.00 + 0.33 3.88 + 0.24 4.19 + 043 7.40 + 0.93
5.64 £0.73 4.28 £ 045 9.42 + 0.50 421 + 0.50
4.37 £ 0.50 4.35 + 0.56 7.62 + 0.39 9.91 £ 0.59
4.46 + 0.69 3.87 +£ 0.31 8.53 + 0.66 4.17 + 0.38
449 +0.75 6.05 + 0.84 4.00 + 0.30 6.06 + 0.35

“The average distances (in angstroms + SD) were determined during the last 10 ns of the MD simulations.
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Figure 6. Molecular dynamics simulations of complexes including the
docked peptide and receptor amino terminus. Shown are snapshots of
the MD simulations of the docked complexes of c[E'S,K2°][Y"*]sec(5—
27) (8) (blue) and the secretin receptor amino-terminal domain
(gray) taken every 2 ns for 10—20 ns (left image), along with
magnified views of the residues proposed as being involved in the
interactions between this peptide and this region of the receptor (right
three images). Residues of interest that are potentially involved in
interactions are displayed as CPK representations, with receptor
residues labeled in blue and peptide residues labeled in black.

B DISCUSSION

Natural peptide ligands for receptors can provide leads for the
development of drugs acting at their orthosteric binding sites, with
primary structure—activity relationships helping to direct such
efforts. For the natural ligands of family B GPCRs, it is recognized
that the amino terminus is most responsible for biological activity
and that truncations of that region result in competitive
antagonists.®~*' However, because of the loss of important
binding determinants that are also contributed by the ligand amino
terminus, such truncated ligands often bind to their receptors with
low affinity.**~* Binding affinity of such truncated analogues may
be further reduced by the potential loss of the helix N-capping
motif, thought to contribute to the stabilization of the a-helical
conformation of the portion of these peptides that dock within the
peptide-binding cleft of the receptor amino-terminal domain.

In this work, we have utilized an amino-terminally truncated
form of secretin in which the first four residues were deleted,
representing the shortest truncation that totally eliminated
agonist activity.*”**~** However, that peptide had a very low
binding affinity, representing a loss of >200-fold. We designed
and synthesized 11 analogues of this peptide that each
incorporated a lactam bond constraint linking amino acids
spaced three or four residues apart in an attempt to stabilize its
a-helical structure. This had the additional advantage of
providing insights into conformations compatible with binding
of this peptide to its receptor.

Such constraints have been incorporated into other members
of this family, including receptors for GLP-1,”'~" glucagon,”*”
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Table 4. Features of the Peptide—Receptor Complexes during the Last 10 ns of the MD Simulations®

13, (B K] [Y!]
sec(5—27)

12, B R [Y]
sec(5—27)

11, [ES R2[Y]
sec(5—27)

10, c[E7,V][Y"]
sec(5—27)

9, c[E7,R°][Y"]
sec(5—27)

8, [ K][Y!]
sec(5—27)

2, [Y%]sec(5—
27)

1, sec(1-27)

Hydrophobic ASA

3207 + 85

3071 + 84 2924 + 111 3073 + 91

2967 + 80

3143 + 84

2943 + 109

3172 + 80

complex

2451 + 80

2543 + 87

2576 + 70

2504 + 76

2546 + 80

2675 + 62

2459 + 109

2650 + 72
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PACAP,”® VIP,”””® calcitonin,”™** CRF,*™* PTH,** and
PTH-related protein;”® however, these have typically been utilized
in full-length analogues that already bound to their receptors with
high affinity.”'~7>7°7% Such series have been useful in
determining which structural constraints might be compatible
with receptor binding and biological activity. Figure 7 summarizes

Peptide Sequence
{eforences) 5 10 15 20 25

= I—nJ/-F=h—
Secretin HSDGTFTSELSRLREGARLQRLLQGLV
GLP-1(7-37) HAEGTFTSDVSSY%EGQ%AKE;IAWLVKGRG
(72-74)
Glucagon HSQGTFTSDYS&YLiSﬁiAQ%FVQWLMNT
75,76
{ J —) )
VIP HSDAVFTDNYTRLRKOMAVKKYLNSILN
(78,79)

—
PACAP-38 HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK
(77)
=l A ¥

CRF SEEPPISLDL FHLLREVLEM‘RA QLAQQAHSNRK MEIT
(84-88)

Figure 7. Summary of literature for family B GPCR lactam-
constrained peptide ligands. Shown are the sequences of secretin
and several closely related family B GPCR ligands and the positions of
lactam bridges incorporated in each peptide. Lactam constraints
interfering with binding and biological activity are shown in red and
those maintaining binding and biological activity in blue. Shown in the
shaded light gray box are the helix N-capping motifs, with key residues
in positions 6, 7, and 10 highlighted in blue. Shaded in dark gray in
each peptide sequence are residues shown to form a-helical structures
in solution-phase NMR studies.

a large amount of data from the studies performed with the
peptides that can be best aligned with secretin, illustrating that
most such constraints have been found to interfere with binding
and biological activity despite their possible stabilizing effect on
helical structure. A large number of lactam-constrained PTH
analogues have also been studied, but the structural differences
between PTH and secretin make it difficult to directly compare
those results.

The peptides most closely related to secretin in which this
experimental approach has been applied are GLP-1 and
glucagon. It is encouraging that the single constrained secretin
peptide that exhibited improved binding affinity, with its lactam
bridge linking residues in positions 16 and 20, was analogous to
one of the constrained GLP-1 peptides that was also effective in
retaining the binding and biological activity of that ligand,
although it did not improve those parameters in the full-length
GLP-1 analogue.n’72 However, other lactams that were
analogous to those that were also tolerated in GLP-1 and
glucagon, such as those linking posmons GIn* and Glu* of
GLP 1773 and positions Thr® and Asp’ and positions Arg'” and
Asp®! of glucagon,”*”* did not improve the binding of secretin
to its receptor in our studies.

Review of the other data illustrated in Figure 7 reveals several
successful applications of similar lactam constraints to other
members of this family, with most of these stabilizing the
midregion and carboxyl terminus of those peptides. Indeed, this
is the region of these ligands expected to be in an a-helical
conformation when docked within the peptide-binding cleft of
these receptors. However, like the data described above, the
absolute positions of the successful lactam constraints are not
consistent across the family. While lactam bonds with this
spacing likely stabilize a-helices in all of these peptides, this
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modification might disrupt binding if the bond were on the side of
the helix that contacts the receptor within its peptide-binding cleft
or if it involved a residue critical to the binding of that peptide.
Apparently, the specific details of the binding of each of these
peptides to their receptors vary in a receptor-specific manner.

In this work, we have utilized the incorporation of lactam
constraints into secretin analogues in a different way and for a
different purpose compared to what was attempted in many of
these studies. While, like many of the other studies in family B
GPCR ligands, it was critical for the lactams to be tolerated and
not to eliminate critical binding determinants, for the current
effort it was hoped that such a constraint would also enhance
the stability and binding affinity of the peptide in which it was
present. Of note, only one of these lactam-constrained
[Y'°Jsec(5—27) (2) analogues achieved this goal, exhibiting
significant improvement in binding affinity. A comprehensive
computational strategy was therefore employed in an attempt
to understand these results with this particular receptor. It was
hoped that an analogous approach could ultimately be applied
to other family members to gain insights into receptor-specific
differences.

Natural peptide ligands bound to family B GPCRs are known
to have amphipathic structures, whereby the hydrophobic
residues face the receptor binding cleft, while the hydrophilic
residues are more likely to be solvent-exposed. This suggests that
hydrophobic interactions represent an important component of
the binding mechanism. Indeed, in the computational simu-
lations, all of the peptides were found to be capable of docking in
such a manner. The extent of hydrophobic atoms being buried
within this cleft in ¢[E"K**][Y'’]sec(5—27) was comparable to
that in the docked truncated and full-length secretin peptides,
and while the value was greater than that in some of the lactam-
constrained peptides, other lactam analogues also had substantial
buried surface areas that were not significantly different from that
of the lactam analogue of residues 16—20. The surface areas of
hydrophilic atoms in the interface of the peptide—receptor
complexes were not significantly different for any of the docked
peptides. This suggests that most of the lactam-constrained
peptides were theoretically capable of assuming an appropriate
a-helical conformation and that their lactam bridges did not
interfere with binding; however, the experimental data clearly
show that most of these ligands bound to the secretin receptor
with very low affinities.

The effectiveness of the c[E'¢K*][Y"]sec(5—27) peptide
(8) in binding to the receptor might be due to a favorable
helical conformation in the unbound form of the peptide,
specific effective molecular interactions formed in the complex
with the receptor, or conceivably both of these factors.
Molecular mechanics simulations of the isolated peptides in
implicit solvent were performed to determine the propensity of
these peptides for forming helical structures, while molecular
dynamics simulations of the peptide—receptor complexes in
explicit solvent were performed to gain insights into the
energetic factors contributing to their receptor binding.

It should be noted that each molecular mechanics simulation
of an isolated peptide produces only a single representative low-
energy structure. Furthermore, the unfavorable entropic
contribution to the free energy for the coil to helix transition
is not included in this technique, resulting in conformations
that may suggest the presence of excessive helical content. This
is evident from the predicted helical conformation of the full-
length secretin peptide, which has been experimentally found to
be largely disordered in aqueous solution."*”"*> However, the
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energetic preference for this peptide to be in the disordered
state may be small, because changing the system slightly by the
addition of trifluoroethanol or addition of its receptor can result
in substantially greater helical content.'>'> Because the secretin
analogues are all the same length and have a structurally similar
single lactam bridge, the entropic contributions to folding that
are not included in this calculation would be expected to be
similar in magnitude, thus supporting the relative helical
propensities predicted for the peptides in this series.

It is interesting that only three of the truncated secretin
analogues (3, 8, and 10) were found to converge toward
substantial a-helical structures, and the 16—20 lactam-
containing peptide (8) was indeed one of these. This is
expected to contribute to the increased binding affinity because
lactam-induced stabilization of the a-helical segment present in
the unbound peptide conformation reduces the entropic penalty
for forming the complex. It is possible that the other two
peptide analogues had some steric clash or loss of a critical
binding determinant when it came to docking at the receptor.
Indeed, the lactam bridge of peptide 3 that extends from residue
S to 9 may constrain the region involved in the putative helix
N-capping motif (residues 6, 7, and 10) in that peptide and
thereby negatively affect its conformation. It is also noteworthy
that the a-helix in the simulation of the 16—20 lactam-
constrained peptide (8) extended further toward the amino
terminus of this peptide than did the a-helix in the other two
helical peptides.

The receptor interactions and proximity to peptide residues
Argls, Leu'®, and Leu®® were all thought to be effective in the
c[E*K*][Y")sec(5—27) peptide (8) as sampled through MD
simulations, none of these distances being significantly different
from those in docked natural full-length secretin. When
different energy terms were determined between residues
15-25 of the peptide and its neighboring receptor residues,
c[E"K*][Y"]sec(5—27) peptide (8) showed more favorable
van der Waals, hydrogen bond, and electrostatic energies than
most of the other lactam-constrained analogues. A comparison
of the energy components of peptides 8 and 10, both of which
were shown to be a-helical in the molecular mechanics
simulations of the unbound peptide, showed that peptide 8 had
slightly more favorable van der Waals, hydrogen bond, and
electrostatic energies and changes in surface energy than
peptide 10, all of which might combine to favor formation of
the complex of 8 over formation of the complex of 10. In
addition, while peptide 12 was shown to have the most
favorable van der Waals energy in the series, it had less
favorable hydrogen bonding and electrostatic energies and
significantly lower helicity than peptide 8.

The lactam bridge in the c[E'¢K*][Y"*]sec(5—27) peptide
(8) should provide a useful constraint to incorporate in
developing a more effective, high-affinity receptor antagonist.
The approaches to molecular modeling of this peptide and
its complex with the amino terminus of the secretin receptor
have provided important clues about the effectiveness of this
peptide. It will be important to confirm this conformation
experimentally using direct approaches, such as NMR analysis.
These insights should ultimately contribute to the development
of a more effective secretin receptor antagonist.

B ASSOCIATED CONTENT

O Supporting Information
HPLC profiles reflecting the purification of one of the lactam
analogues of the secretin peptide, c[K%E’][Y""]sec(5—27) (4)
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(Figure 1). Shown are representative Ayg, absorbance profiles of
the crude products of synthesis on a semipreparative reversed-
phase column and the final product on an analytical reversed-
phase column (inset). The positions of migration of the
compound of interest are marked with arrowheads in the
profiles. This compound had the expected mass as determined
by mass spectrometry. This material is available free of charge
via the Internet at http://pubs.acs.org.
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