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ABSTRACT
Class B1 G protein–coupled receptors are activated by pepti-
des, with amino-terminal regions critical for biologic activity.
Although high resolution structures exist, understanding of key
features of the peptide activation domain that drive signaling is
limited. In the secretin receptor (SecR) structure, interactions
are observed between peptide residues His1 and Ser2 and sev-
enth transmembrane segment (TM7) receptor residue E373. We
interrogated these interactions using systematic structure-
activity analysis of peptide and receptor. His1 was critical for
binding and cAMP responses, but its orientation was not criti-
cal, and substitution could independently modify affinity and
efficacy. Ser2 was also critical, with all substitutions reducing
peptide affinity and functional responses proportionally. Muta-
tion of E373 to conserved acidic Asp (E373D), uncharged polar
Gln (E373Q), or charge-reversed basic Arg (E373R) did not alter
receptor expression, with all exhibiting secretin-dependent
cAMP accumulation. All position 373 mutants displayed reduced
binding affinities and cAMP potencies for many peptide analogs,

although relative effects of position 1 peptides were similar
whereas position 2 peptides exhibited substantial differences.
The peptide including basic Lys in position 2 was active at SecR
having acidic Glu in position 373 and at E373D while exhibiting
minimal activity at those receptors in which an acidic residue is
absent in this position (E373Q and E373R). In contrast, the peptide
including acidic Glu in position 2 was equipotent with secretin at
E373R while being much less potent than secretin at wild-type
SecR and E373D. These data support functional importance of a
charge-charge interaction between the amino-terminal region of
secretin and the top of TM7.

SIGNIFICANCE STATEMENT
This work refines our molecular understanding of the activation
mechanisms of class B1 G protein–coupled receptors. The amino-
terminal region of secretin interacts with the seventh transmem-
brane segment of its receptor with structural specificity and with a
charge-charge interaction helping to drive functional activation.

Introduction
Class B1 G protein–coupled receptors (GPCRs) bind and

become activated by moderate length peptide ligands that
use a two-step process in their docking (Hoare, 2005). The
carboxyl terminus (C terminus) of the peptide first docks within
a groove in the disulfide-bonded receptor amino-terminal
(N-terminal) extracellular domain (ECD), and then the pep-
tide amino terminus (N terminus) is oriented toward the
upper region of the transmembrane helical bundle (junctional

domain) (Castro et al., 2005; Parthier et al., 2009). The first
step is a major contributor to the peptide binding affinity,
whereas the second step is required for receptor activation and
functional responses (Miller et al., 2012; Watkins et al., 2012).
The molecular determinants of peptide interaction with the
ECD are generally well understood, with insight initially from
carboxyl-terminal (C-terminal) peptide-bound ECD structures
(Grace et al., 2004, 2007) and more recently from peptide-
occupied holoreceptor structures (Hollenstein et al., 2014; de
Graaf et al., 2016, 2017; Schwartz and Frimurer, 2017; Dong
et al., 2020a). Peptide interaction with the receptor junctional
domain is required for activation, yet this is less well under-
stood than the interactions with the receptor ECD. Progres-
sive truncation of N-terminal amino acids rapidly decreases
agonist efficacy, leading to partial agonists or antagonists, in
a receptor-dependent manner (Dong et al., 2020b), emphasiz-
ing the importance of understanding the nature of the far
N-terminal peptide interactions. Secretin(3-27) has been shown
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to exhibit no intrinsic ability to stimulate cAMP when used in
concentrations as high as 0.1 mM (Dengler et al., 2021).
The secretin receptor (SecR) was the first class B1 (also

termed “secretin receptor family”) receptor to be cloned
(Ishihara et al., 1991). It has important physiologic functions
in regulating biliary and pancreatic ductular secretion as well
as affecting gastric accommodation and emptying, insulin
secretion, thermogenesis in brown adipocytes, fluid balance,
and cardiovascular function (Sekar and Chow, 2013; Chey and
Chang, 2014). Long-duration, potent secretin-like agonists
could therefore play roles in the treatment of disorders of gas-
tric emptying like functional dyspepsia, diabetes, obesity, and
congestive heart failure. We recently solved the structure of
the secretin-occupied SecR in complex with Gs, demonstrating
that it has a high degree of homology with the consensus
structures of other recently solved family members (Dong
et al., 2020a). Nonetheless, we now understand that the
dynamics of the agonist-bound receptor can play critically
important roles in the pharmacology of individual peptides
and receptors (glucagon-like peptide-1 receptors, adrenome-
dullin receptors, secretin receptors) (Dong et al., 2020b;
Liang et al., 2020; Johnson et al., 2021; Zhang et al., 2021;
Cary et al., 2022). For example, molecular dynamics simula-
tions of the secretin-bound SecR structure predicted that the
distal secretin N-terminal residues formed prominent inter-
actions with E373 in the seventh transmembrane segment
(TM7) of the receptor (Dong et al., 2020a). His1 was in con-
tact with E373 in 94% of frames compared with fewer than
40% of frames for other receptor residues. E373 was also the
dominant contact for secretin residue Ser2, present in 87% of
frames, while contacting other receptor residues in fewer
than 60% of frames; however, only the interaction between
E373 and Ser2 was evident in the consensus structure (Dong
et al., 2020a).
Based on these observations, we sought to carefully explore

structure-activity relationships for peptide residues His1 and
Ser2 and receptor residue E373 in SecR. This work confirmed
critically important interactions for both peptide positions
and E373 while providing new insights into the molecular
basis of natural peptide activation of SecR that are likely
more broadly relevant to class B1 GPCR activation.

Materials and Methods
Materials. Secretin(1-27) (secretin) and the secretin analog used

for radioiodination, [Tyr10]secretin(1-27), were synthesized as previ-
ously described (Ulrich et al., 1993). Dulbecco’s modified Eagle’s
medium (DMEM) and soybean trypsin inhibitor were from Invitrogen
(Carlsbad, CA), and FetalClone II culture medium supplement was
from Hyclone Laboratories (Logan, UT). LANCE kits and cAMP-Gs
dynamics assay kits for quantitation of cAMP were from PerkinElmer
Life Sciences (Boston, MA). All other reagents were analytical grade.

Peptides. Structure-activity relationship studies have shown
that the peptide N-terminal region is critical for both binding and
receptor signaling (Neumann et al., 2008; Watkins et al., 2012). In the
current study, the first two amino acid residues at the N terminus
of secretin were each systematically replaced with residues having
distinct defined chemical properties. His1 is a basic amino acid
that was replaced with its stereoisomer, D-His, as well as with
other basic residues, Arg or Lys, charge-reversed acidic Glu,
hydrophobic Cha (3-cyclohexyl-L-alanine), or polar uncharged
homo-Ser (homoserine). Ser2 is a polar uncharged amino acid that
was replaced by its stereoisomer, D-Ser, a residue with the same

side chain that is extended by one additional carbon residue,
homo-Ser, another chemically similar residue, Thr, acidic Glu,
basic Lys, or Dap (L-2,4-diaminopropionic acid) (Fig. 1). These
peptides were synthesized in-house or by Apeptide Company
(Shanghai, China) and were purified to greater than 95% purity,
with their identities verified by electrospray ionization mass
spectrometry.

Receptor Mutagenesis. SecR had the codon for the acidic glu-
tamic acid residue in position 373 replaced with codons for acidic
aspartic acid (E373D), uncharged glutamine (E373Q), and basic argi-
nine (E373R) using oligonucleotide-directed mutagenesis of the wild-
type construct in pcDNA3 expression vector as we have described
(Dong et al., 2012). All constructs were verified by DNA sequencing.

Radioiodination. The secretin-like radioligand [125I-Tyr10]
secretin(1-27) was prepared by oxidative radioiodination using estab-
lished procedures (Powers et al., 1988). In brief, �15 lg of [Tyr10]
secretin(1-27) was incubated with 1 mCi Na125I (PerkinElmer) in 0.1 M
borate buffer (pH 9.0) and exposed for 15 seconds to the solid phase
oxidant, N-chlorobenzene sulfonamide (Iodobeads; Pierce, Rockford,
IL). The radioiodinated peptide was purified by reverse-phase high-
performance liquid chromatography (HPLC) to yield specific radioac-
tivity of approximately 2000 Ci/mmol.

Cell Culture and Transfection. COS-1 (African green monkey
kidney) cells (American Type Culture Collection, Manassas, VA)
were used for transient expression of SecR mutant constructs. Cells
were grown in tissue culture plasticware using Dulbecco’s modified

Fig. 1. Structures of natural and unnatural amino acids incorporated
into positions one and two of secretin peptides and those used to
replace Glu in position 373 of SecR. Shown are the chemical structures
of the residues used in peptide structure-activity series. The remaining
peptide sequences were identical to natural human secretin(1-27).
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Eagle’s medium (DMEM) supplemented with 2 mM glutamine and
5% FetalClone II as well as 100 IU/ml penicillin and 100 lg/ml strep-
tomycin, in an environment including 5% CO2. They were passaged
approximately twice per week. Cells were transfected using the
diethylaminoethyl (DEAE)-dextran protocol (Hadac et al., 1996)
approximately 48 hours prior to assays.

Receptor Binding Assays. Receptor binding characteristics
were determined in radioligand competition-binding assays using
whole cells expressing the SecR constructs (Dong et al., 2012). Trans-
fected COS-1 cells achieving approximately 90% confluence were
washed with Krebs-Ringers-HEPES (KRH) medium (25 mM HEPES,
pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM KH2PO4,
1.2 mM MgSO4) containing 0.01% soybean trypsin inhibitor and
0.2% bovine serum albumin and were incubated with a constant
amount of radioligand [125I-Tyr10]secretin(1-27) (11 pM, approxi-
mately 10,000 cpm) and increasing concentrations of secretin or
secretin analogs for 60 minutes at room temperature. After incu-
bation, cells were washed twice with ice-cold KRH medium and lysed
with 0.5 M NaOH, and membrane-bound radioactivity was quantified
with a c-spectrometer. Nonsaturable binding was determined in the
presence of 1 lM secretin, representing less than 17% of total binding.
This value was used as B0, whereas radioligand binding in the
absence of competing ligand was used as Bmax in plotting the amount
of saturable binding present in competition-binding curves. These
plots were analyzed using the nonlinear regression analysis routine in
the Prism 9.0 software suite (GraphPad, San Diego, CA).

cAMP Assays. Cellular cAMP was quantified using LANCE cAMP
assay and cAMP-Gs dynamics assay kits (PerkinElmer, Boston, MA)
(Harikumar et al., 2007). In short, COS-1 cells expressing SecR con-
structs were grown in 96-well plates used to examine the ability of each
of the secretin analogs to stimulate cAMP responses. Combinations of
peptide and receptor constructs that elicited no significant cAMP
response were also tested for antagonist activity, utilizing a submaxi-
mal concentration of secretin and increasing concentrations of the

potential antagonist. Cells were washed once with phosphate-buffered
saline (PBS) and incubated with increasing concentrations of secretin
or secretin analogs in KRH medium containing 0.1% bacitracin and 1
mM 3-isobutyl-1-methylxanthine for 30 minutes at 37�C. The reaction
was stopped by aspiration of the solution, and cells were lysed with 6%
ice-cold perchloric acid for 15 minutes with vigorous shaking. After
adjusting pH to 6 with 30% KHCO3, cell lysates were assayed for
cAMP levels in a 384-well white OptiPlate using the kits, following the
manufacturer’s instructions. All conditions were assayed in duplicate in
a minimum of five independent experiments. Results were read using a
PHERAstar FSX (BMG LabTech Inc., Cary, NC) with the homogeneous
time-resolved fluorescence protocol.

The cAMP concentration-response curves were plotted using a
three-parameter logistic equation in Prism 9.0 (GraphPad) as previ-
ously described (May et al., 2007; Koole et al., 2010), fixing the top
(maximal stimulation in the presence of ligands) and bottom (Y value
in the absence of ligands) to 100 and 0, respectively, for the response
to native secretin peptide. Maximal system response (Emax)
(expressed as a percentage of the secretin response) and pEC50 (neg-
ative log molar concentration of ligand required to generate a
response halfway between top and bottom) were derived for each
peptide and receptor construct. Data were also analyzed with an
operational model to estimate the ratio of tau (s), the index of cou-
pling efficiency (or efficacy) defined as the total concentration of ago-
nist-receptor complex that yields half the maximal system response
(Emax), to the agonist affinity (KA) as previously described (Koole
et al., 2010). This ratio reflects the efficacy of the agonists to stimu-
late cAMP.

Secretin Receptor Immunostaining. To determine levels of
cell surface expression of the SecR mutant constructs, immunostain-
ing was performed using an antibody previously described to target
the N-terminal region of SecR (Dong et al., 2020a). Transfected COS-
1 cells grown on polylysine-coated glass coverslips in six-well plates
were washed with PBS and fixed with 2% paraformaldehyde

TABLE 1
Binding and biologic activity of position 1 secretin analogs at SecR and position 373 mutants. Values are expressed as means ± S.E.M. from dupli-
cate determinations in “n” independent experiments (shown in parentheses). Values were analyzed using one-way ANOVA with Dunnett’s post-
test compared with secretin effects at respective constructs.

Constructs Ligands pKi (n), P value pEC50 (n), P value Emax P value
Log

(s/KA ratio) P value

WT Secretin 8.5 ± 0.2 (5) 10.2 ± 0.3 (5) 97 ± 2 10.2 ± 0.1
Sec-D His1 8.0 ± 0.1 (7), 0.1857 10.1 ± 0.1 (5) 0.9951 97 ± 10 >0.9999 10.1 ± 0.1 0.9730
Sec-Arg1 7.4 ± 0.2** (5), 0.0012 7.5 ± 0.3*** (5), <0.0001 59 ± 6* 0.0127 6.9 ± 0.2*** <0.0001
Sec-Lys1 7.2 ± 0.1*** (5), <0.0001 7.2 ± 0.3*** (5), <0.0001 54 ± 10** 0.0048 6.6 ± 0.2*** <0.0001
Sec-Glu1 6.2 ± 0.2*** (7), <0.0001 7.4 ± 0.1*** (5), <0.0001 67 ± 9 0.0666 7.0 ± 0.2*** <0.0001
Sec-Cha1 7.9 ± 0.1 (5), 0.0729 8.9 ± 0.3** (5), 0.0025 79 ± 10 0.4208 8.6 ± 0.2*** <0.0001
Sec-homo-Ser1 7.3 ± 0.3*** (5), 0.0004 7.4 ± 0.2*** (5), <0.0001 47 ± 8*** 0.0009 6.7 ± 0.3*** <0.0001

E373D Secretin 8.4 ± 0.2 (5) 10.1 ± 0.1 (5) 101 ± 4 10.1 ± 0.1
Sec-D His1 8.0 ± 0.2 (7), 0.1060 10.0 ± 0.1 (5), 0.9723 37 ± 8*** <0.0001 9.3 ± 0.2* 0.0285
Sec-Arg1 7.5 ± 0.1*** (6), 0.0001 7.5 ± 0.2*** (5), <0.0001 39 ± 4*** <0.0001 6.7 ± 0.2*** <0.0001
Sec-Lys1 7.3 ± 0.1*** (5), <0.0001 7.1 ± 0.2*** (5), <0.0001 25 ± 2*** <0.0001 6.1 ± 0.3*** <0.0001
Sec-Glu1 6.7 ± 0.1*** (5), <0.0001 7.1 ± 0.2*** (5), <0.0001 50 ± 2*** <0.0001 6.5 ± 0.2*** <0.0001
Sec-Cha1 8.2 ± 0.1 (5), 0.7766 8.7 ± 0.2*** (5), <0.0001 48 ± 5*** <0.0001 8.2 ± 0.2*** <0.0001
Sec-homo-Ser1 7.3 ± 0.1*** (5), <0.0001 7.3 ± 0.1*** (6), <0.0001 48 ± 2*** <0.0001 6.8 ± 0.2*** <0.0001

E373Q Secretin 8.5 ± 0.1 (5) 9.1 ± 0.2 (7) 102 ± 7 9.2 ± 0.1
Sec-D His1 8.1 ± 0.3 (7), 0.4932 8.6 ± 0.2 (8), 0.1169 77 ± 14 0.1884 8.3 ± 0.2 0.0674
Sec-Arg1 8.1 ± 0.1 (5), 0.5525 NR NR NR
Sec-Lys1 7.8 ± 0.1 (7), 0.1220 NR NR NR
Sec-Glu1 7.0 ± 0.1*** (6), 0.0001 6.8 ± 0.1*** (5), <0.0001 32 ± 4*** 0.0004 6.2 ± 0.5*** <0.0001
Sec-Cha1 8.0 ± 0.2 (6), 0.4868 8.3 ± 0.1* (5), 0.0143 45 ± 7** 0.0030 8.4 ± 0.4 0.1361
Sec- homo-Ser1 7.8 ± 0.4 (5), 0.1746 NR NR NR

E373R Secretin 8.3 ± 0.3 (7) 8.1 ± 0.1 (5) 78 ± 4 8.0 ± 0.2
Sec-D His1 7.9 ± 0.1 (7), 0.1418 7.3 ± 0.2* (7), 0.0195 92 ± 18 0.8776 7.5 ± 0.5 0.6516
Sec-Arg1 7.6 ± 0.1** (6), 0.0087 NR NR NR
Sec-Lys1 7.5 ± 0.1** (7), 0.0014 NR NR NR
Sec-Glu1 ND 6.8 ± 0.1*** (5), 0.0005 55 ± 22 0.6682 6.7 ± 0.4 0.1010
Sec-Cha1 8.3 ± 0.1 (7), >0.9999 7.6 ± 0.3 (5), 0.1477 56 ± 14 0.7161 7.8 ± 0.4 0.9821
Sec-homo-Ser1 ND NR NR NR

ND, no detectable binding; NR, no significant biologic response.
*P < 0.05; **P < 0.01; ***P < 0.001.
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(Electron Microscopy Sciences, Hatfield, PA). The coverslips were
washed twice with PBS containing 1% normal goat serum and incu-
bated overnight at 4�C with the anti-hSecR(51-65) (1:200 in PBS
with 1% normal goat serum). They were washed three more times
and were incubated for 1 hour at room temperature with Alexa Fluor
488-conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR)
diluted 1:800 in PBS with 1% normal goat serum in a humidified
chamber. Coverslips were washed three more times with PBS and
were mounted on microscope slides with VECTASHIELD mounting
medium (Vector Laboratories, Burlingame, CA). Cells were visual-
ized with a 40× objective on a Zeiss inverted microscope controlled by
QED InVivo software (Media Cybernetics, Bethesda, MD).

Quantitation of cell surface receptor was performed on a minimum
of twenty cells for each construct using Image J (National Institutes
of Health, Bethesda, MD).

Statistical Analysis. Comparisons of experimental groups were
assessed using one-way analysis of variance (ANOVA) followed by
Dunnett’s post-test as provided in Prism 9.0 (GraphPad, San Diego,
CA). This was typically used to determine the differences of binding
and biologic activity of secretin analog peptides relative to that of
natural secretin at a particular secretin receptor construct. The
threshold for statistical significance was set at P < 0.05; P values are
shown in Tables 1 and 2.

Results
Structure-Activity Relationships for Secretin Residues

His1 and Ser2. The natural amino acids in secretin peptide
positions one and two were systematically modified with
other natural or unnatural amino acids having distinct

chemical properties as detailed in Fig. 1. All of the peptides
competed for binding of [125I-Tyr10]secretin(1-27) to wild-type
SecR, although reductions in binding affinities were statisti-
cally significant in many cases (Fig. 2; Tables 1 and 2). Simi-
larly, all peptides stimulated cAMP accumulation at wild-type
SecR, although with varied potencies and maximal responses
(Fig. 3; Tables 1 and 2). We also show the s/KA ratios coming
from the operational model as a reflection of efficacy of the
ligands (Tables 1 and 2).
For the position 1 peptides, His1 replacement by its stereo-

isomer, D-His, or hydrophobic Cha had no effect on binding
affinity, whereas the other substitutions displayed reduced
affinity (Fig. 2; Table 1). Thus, the charge of His1 is not criti-
cal for binding affinity, whereas substitution for the
extended Arg or Lys residues was detrimental to affinity.
Only the D-His peptide elicited an equivalent cAMP response
to the natural peptide; all other substitutions reduced signal-
ing by at least 10-fold (Fig. 3; Table 1). It was notable that
Arg/Lys substitutions induced greater reductions in efficacy
(2000- and 4000-fold, respectively) than on binding affinity
(13- and 20-fold, respectively) (Table 1). However, changing
the orientation of the His (D-His) did not alter binding or sig-
naling, indicating that it retained sufficient mobility within
the receptor to form critical interactions.
For the position 2 peptides, every replacement of Ser2,

including D-Ser, reduced binding affinity (Fig. 2; Table 2),
indicating a precise structural requirement for optimal inter-
action that does not accommodate even small changes to the

TABLE 2
Binding and biologic activity of position 2 secretin analogs at SecR and position 373 mutants. Values are expressed as means ± S.E.M. from dupli-
cate determinations in “n” independent experiments (shown in parentheses). Values were analyzed using one-way ANOVA with Dunnett’s post-
test compared with secretin effects at respective constructs.

Constructs Ligands pKi (n), P value pEC50 (n), P value Emax P value
Log

(s/KA ratio) P value

WT Secretin 8.5 ± 0.2 (5) 10.2 ± 0.3 (5) 97 ± 2 10.1 ± 0.1
Sec-D Ser2 7.2 ± 0.1** (5), 0.0060 9.0 ± 0.1*** (5), 0.0003 81 ± 12 0.7788 8.9 ± 0.2*** <0.0001
Sec-homo-Ser2 7.3 ± 0.2* (5), 0.0167 8.9 ± 0.1*** (5), 0.0001 80 ± 10 0.7316 8.7 ± 0.2*** <0.0001
Sec-Thr2 7.5 ± 0.05* (5), 0.0371 9.4 ± 0.1* (6), 0.0121 111 ± 14 0.8484 9.4 ± 0.1** 0.0098
Sec-Glu2 7.2 ± 0.5** (5), 0.0051 7.4 ± 0.1*** (5), <0.0001 93 ± 11 0.9995 7.2 ± 0.2*** <0.0001
Sec-Lys2 6.8 ± 0.1*** (5), 0.0003 7.9 ± 0.2*** (5), <0.0001 68 ± 8 0.2215 7.4 ± 0.2*** <0.0001
Sec-Dap2 7.5 ± 0.3* (5), 0.0352 9.0 ± 0.1*** (5), 0.0004 88 ± 8 0.9751 8.9 ± 0.2*** <0.0001

E373D Secretin 8.4 ± 0.2 (5) 10.1 ± 0.1 (5) 101 ± 4 10.1 ± 0.1
Sec-D Ser2 7.3 ± 0.1*** (5), <0.0001 8.9 ± 0.1*** (6), <0.0001 69 ± 8 0.1680 8.8 ± 0.2*** 0.0001
Sec-homo-Ser2 7.3 ± 0.1*** (5), 0.0001 9.2 ± 0.1*** (7), <0.0001 62 ± 8* 0.0485 8.9 ± 0.2*** 0.0005
Sec-Thr2 7.4 ± 0.1*** (5), 0.0003 9.2 ± 0.1*** (7), <0.0001 86 ± 11 0.8088 9.1 ± 0.1** 0.0033
Sec-Glu2 6.7 ± 0.1*** (6), <0.0001 7.6 ± 0.1*** (5), <0.0001 68 ± 18 0.1756 7.3 ± 0.2*** <0.0001
Sec-Lys2 6.9 ± 0.2*** (5), <0.0001 7.9 ± 0.1*** (5), <0.0001 51 ± 9* 0.0136 7.5 ± 0.3*** <0.0001
Sec-Dap2 7.3 ± 0.2*** (5), 0.0001 8.7 ± 0.2*** (6), <0.0001 74 ± 8 0.3062 8.5 ± 0.2*** <0.0001

E373Q Secretin 8.5 ± 0.1 (5) 9.1 ± 0.2 (7) 102 ± 7 9.2 ± 0.1
Sec-D Ser2 7.6 ± 0.1* (5), 0.0147 7.7 ± 0.1*** (5), <0.0001 114 ± 30 0.9933 7.8 ± 0.2*** <0.0001
Sec-homo-Ser2 7.4 ± 0.1** (5), 0.0021 7.9 ± 0.1*** (5), 0.0007 66 ± 11 0.5879 7.9 ± 0.2*** 0.0003
Sec-Thr2 7.7 ± 0.1* (7), 0.0194 8.0 ± 0.2*** (5), 0.0009 76 ± 10 0.8387 8.0 ± 0.2** 0.0012
Sec-Glu2 7.6 ± 0.2** (5), 0.0094 8.1 ± 0.1** (8), 0.0012 93 ± 9 0.9979 8.1 ± 0.1*** 0.0004
Sec-Lys2 7.2 ± 0.1*** (5), 0.0001 <6 — —
Sec-Dap2 7.9 ± 0.4 (5), 0.1877 7.4 ± 0.1*** (10), <0.0001 93 ± 23 0.9980 7.6 ± 0.2*** <0.0001

E373R Secretin 8.3 ± 0.3 (7) 8.1 ± 0.1 (5) 78 ± 4 8.3 ± 1.5
Sec-D-Ser2 7.5 ± 0.2** (5), 0.0059 <6
Sec-homo-Ser2 ND NR NR NR
Sec-Thr2 7.5 ± 0.1** (6), 0.0068 7.7 ± 0.2 (5), 0.7741 105 ± 23 0.6735 8.0 ± 1.8 0.9995
Sec-Glu2 7.5 ± 0.1** (7), 0.0036 7.3 ± 0.6 (8), 0.4160 162 ± 17** 0.0026 8.0 ± 0.2 0.9980
Sec-Lys2 7.5 ± 0.1** (6), 0.0037 NR NR NR
Sec-Dap2 ND NR NR NR

ND, no detectable binding; NR, no significant biologic response.
*P < 0.05; **P < 0.01; ***P < 0.001.
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side chain, including a single carbon atom extension
(homo-Ser) and chemically similar Thr (Fig. 1). Changing
the orientation of the Ser in position 2 was detrimental,
reducing the binding affinity and signaling of this peptide.
However, the quantitative impact on affinity and potency
were similar for position 2–substituted peptides at wild-type
SecR, indicating that the effects were largely driven by the
reduction in binding affinity.
Structure-Activity Relationships for Secretin

Receptor E373. E373 is predicted to form the dominant
contact for both His1 and Ser2 in equilibrium molecular
dynamics (Dong et al., 2020a). Glutamic acid is both polar
and acidic with an extended alkyl chain that can provide
additional hydrophobic interactions. Electrostatic interac-
tions between opposing charged residues are energetically
favorable and can occur over longer atomic distances than
polar H-bonds. Here, we explored the nature of the chemical
interaction with the peptides through mutation of the glu-
tamic acid to residues that modified the side chain length
(E373D), charge but not polarity (E373Q), or reversed the
charge (E373R) (structures shown in Fig. 1). All of these posi-
tion 373 mutant receptors trafficked normally to the cell sur-
face, as demonstrated by immunostaining of intact cells that
showed that all of these constructs were expressed at similar
levels (Fig. 4). Each of these position 373 mutants exhibited
secretin binding affinity and functional responses like that at
wild-type (WT) SecR (Figs. 2 and 3; Tables 1 and 2). The effect
of the Sec-Glu2 peptide at the charge-reversed E373R con-
struct was notable since it elicited a greater cAMP response
than natural secretin. This was not simply due to introduction
of a charge-charge interaction since reversing these charges
(Sec-Lys2 peptide at WT SecR or E373D mutant) did not elicit

a similar effect. The position of the charge on glutamic acid
and/or the extended chain of the glutamic acid allowing hydro-
phobic interactions not possible with aspartic acid may have
also contributed to this unusual effect.
Effect of E373 mutation on peptide analog binding affinity.

Overall, mutation of E373 to Asp or Gln had minimal effect
on the relative affinity of either position 1– or position
2–substituted peptides compared with their effects at wild-
type SecR, although there was a trend for the Arg1 or Lys1

substitutions to be less impacted at the E373Q mutant (Fig. 2;
Table 1).
Effect of E373 mutation on peptide analog cAMP response.

Mutation of E373 to the shorter acidic residue Asp globally
reduced the maximal response of position 1–substituted ana-
logs relative to the native secretin peptide (Fig. 3; Table 1),
suggesting that this natural glutamic acid may have an
important role beyond its charge alone. This could reflect
optimal positioning for a transient or stable interaction with
the serine in position 2 of secretin or in an intramolecular
interaction that could contribute to receptor activation. How-
ever, overall, the potencies of peptide 1 analogs were like
those seen for the wild-type SecR (Fig. 3; Table 1). In con-
trast, there was less impact of the mutation on Emax for posi-
tion 2–substituted analogs, although there were greater
losses in potency for the Thr2 analog relative to the wild-type
receptor (Fig. 3; Table 2).
Mutation of E373 to the noncharged polar equivalent (Gln)

provided further important insights into the interaction
requirements for cAMP signaling. Intriguingly, there were no
demonstrable cAMP responses to Lys1 or Arg1 analogs. This
was also true for homo-Ser1, whereas the Cha1 analog exhib-
ited reduced maximal responses. The D-His1 analog

Fig. 2. Binding of secretin and its analogs at SecR and its position 373 mutants. Shown are peptide competition-binding curves at wild-type SecR
and its E373D, E373Q, and E373R mutant constructs. Data reflect means ± S.E.M. of assays performed in duplicate in five to seven independent
experiments.
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exhibited responses similar to natural secretin at this con-
struct. The position 2 peptide analogs were generally less
affected by the E373Q mutant. All except the Dap2 peptide
bound with reduced affinity relative to the natural secretin
peptide (Fig. 2; Table 2), with corresponding loss or relative
potency in cAMP assay. An exception to this was the Lys2

peptide that elicited only minimal response (Fig. 3; Table 2).
Mutation of E373 to Arg (E373R), reversing its charge, had

dramatically different effects on cAMP signaling of the pep-
tide analogs. Several peptides did not stimulate cAMP even
at the highest concentration assessed. These included Arg1,
Lys1, homo-Ser1, homo-Ser2, Lys2, and Dap2. Of note, the
Glu2 peptide elicited an increased cAMP response above nat-
ural secretin at the E373R construct. Those peptides that
were able to bind but not elicit a cAMP response were tested
for possible antagonist activity by incubating them with an
approximate EC50 concentration of secretin. Insets in rele-
vant graphs in Fig. 3 illustrate their abilities to inhibit the
secretin-stimulated cAMP responses (E373Q construct: Arg1,
6.4 ± 0.1; Lys1, 6.1 ± 0.1; homo-Ser1, 5.7 ± 0.1; Lys2, 5.6 ± 0.1,
n 5 3, P < 0.05; E373R construct: Arg1, 6.2 ± 0.1; Lys1, 6.1 ±
0.3; Lys2, 5.7 ± 0.1, n 5 3 to 4, P < 0.05).

Discussion
The N-terminal residues of natural peptide ligands of class

B1 GPCRs are critically important for their ability to stimu-
late a cAMP response (Miller et al., 2012; Watkins et al.,
2012). Truncation of these residues often markedly reduces or
totally eliminates their functional responses while retaining
high binding affinity that is principally driven by interaction

of the peptide carboxyl-terminal (C-terminal) segments with
the receptor ECD (Dong et al., 2020b). However, the specific
molecular interactions that are crucial for this agonist activity
are not well understood, even where the N-terminal residues
are highly conserved between peptides (Neumann et al.,
2008; Watkins et al., 2012). Moreover, recent analysis of class
B GPCR structures has revealed that dynamics of the inter-
actions between the peptide N terminus and the receptor core
can be highly dynamic (Dong et al., 2020a; Cary et al., 2022).
In this work, we focus on the first two amino acid residues

at the N terminus of secretin, His1 and Ser2, which are criti-
cal for the agonist activity of this peptide (Dengler et al.,
2021). We explored the critical chemical features of the side-
chains of these residues, both in the context of wild-type
SecR and in mutant receptors where the length and charge
of the principal receptor contact for these residues are modi-
fied. We also focused on a key residue in the junctional
domain of SecR, Glu373, that interacted with these ligand
residues in our previously reported cryo-electron microscopy
(cryo-EM) structure and/or molecular dynamics simulations
(Dong et al., 2020a). The approximation of this portion of the
peptide and the receptor is shown in Fig. 5.
A potential mechanism for peptide engagement with the

deeper core of the transmembrane domain that is seen in
high-resolution consensus structures is for charge-charge
interactions with basic His1 to orient the N terminus during
binding transitions from initial interactions. Our data dem-
onstrate that this is not critical for binding per se since basic
His1 could be replaced by uncharged Cha without reducing
affinity. Nonetheless, this form of the peptide was less potent
than natural secretin in activating the receptor, suggesting

Fig. 3. Biologic activity of secretin and its analogs at SecR and its position 373 mutants. Shown are peptide concentration-response curves at
wild-type SecR and its E373D, E373Q, and E373R mutant constructs. Data reflect means ± S.E.M. of assays performed in duplicate in five to
eight independent experiments. Inset data represent concentration-response curves for noted peptides that had no significant intrinsic agonist
activity at the E373Q and E373R constructs to inhibit cAMP responses to 1 or 10 nM secretin, representing approximate EC50s.
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that a charge-charge interaction might facilitate the confor-
mational change necessary to mediate activation. Interest-
ingly, D-His was able to replace L-His in position 1 without
any negative impact on binding or receptor signaling, indicat-
ing that there is a degree of conformational flexibility within
the binding pocket. However, here too, other basic residues
like Arg or Lys were poor replacements for His1. The func-
tional importance of a charge-charge interaction was also
supported by mutation of the predicted receptor target for
this interaction, the acidic Glu373 in transmembrane 7 of the
secretin receptor. This residue could not be replaced with the
shorter acidic Asp (E373D) without reducing the efficacy of all
of the position 1 peptides except natural secretin and reducing
the potency of all of these peptides except the D-His1 peptide.
Nonetheless, the Cha1 peptide was the least affected of the
other analogs. Eliminating the charge of Glu373 through
mutation to Gln (E373Q) resulted in elimination of cAMP
responses to the Arg1, Lys1, and homo-Ser1 peptides. Collec-
tively, these data demonstrate a role for both the charge and
aromatic properties of His1 in productive activation of the
SecR and support the importance of the predicted interaction
with Glu373 in activation of the receptor.
Glu373 is also postulated to interact with Ser2 of the secretin

peptide, forming polar interactions in our molecular dynamics
analysis (Dong et al., 2020a). Almost every change in the posi-
tion 2 residue resulted in reduced binding affinity to wild-type
secretin receptor as well as to the E373D and E373Q receptor
constructs. This even includes residues with similar chemical

properties (Thr) and the same functional group spaced one
carbon further from the backbone (homo-Ser) or presented as
a stereoisomer (D-Ser). Of particular interest, some of the
position 2 peptides that lost considerable binding affinity still
supported potent biologic responses at wild-type secretin
receptor. These data indicate that secretin binding is depen-
dent on the efficiency of H-bond formation between the receptor
and Ser2 but that this is not independently required for
receptor activation.
The E373 mutation data, however, suggests that enabling

longer distance charge-charge interactions can at least par-
tially overcome the conformational requirements to support
H-bonding to Ser2 in the native peptide. This is evidenced by
the acidic Glu2 peptide substitution. This analog was much
less potent than natural secretin [log (s/KA ratio)] at wild-type
secretin receptor (7.2 ± 0.2 vs. 10.1 ± 0.1, representing an
800-fold reduction, P < 0.001) and at the similarly charged
E373D construct (7.3 ± 0.2 vs. 10.1 ± 0.1, representing a
600-fold reduction, P < 0.001) yet was equipotent with natural
secretin at the charge-reversed E373R construct (8.0 ± 0.2 vs.
8.3 ± 1.5, P 5 1.00). Additionally, the peptide including a basic
Lys residue in position 2 was active at SecR having acidic

Fig. 4. Cell surface expression of position 373 SecR mutants. Shown
are representative immunostained COS-1 cells transfected with noted
SecR constructs and quantitation of surface expression of these con-
structs using densitometry. Shown are individual values and S.E.M. of
their variation. Levels of cell surface expression were not different in
any of these mutants from wild-type SecR.

Fig. 5. Characteristics of junctional domain surface of secretin recep-
tor. Shown is an overview of the deep binding pocket from our secretin/
SecR complex structure (PDB 6wzg) (Dong et al., 2020a) but with
waters added to the surface of the junctional domain of SecR, as solved
in our recent publication (Dong et al., 2020a) (A, top panels with front
and back views shown). The lower panels (B) show expanded views of
the transmembrane domain (TMD) regions blocked above, with the
coulomb electrostatic surface coloring of the peptide. Peptide residues
are shown as stick, and receptor residues within 4 Å of the peptide are
also shown as stick.
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Glu in position 373 [log (s/KA ratio)], 7.4 ± 0.2) and at E373D
(7.5 ± 0.3) while exhibiting minimal or no activity at those
receptors in which an acidic residue is absent in this position
(E373Q (minimal detectable agonist activity) and E373R (no
detectable agonist activity). In the active structure of secretin
bound SecR, Ser2 and E373 are proximal to each other, sug-
gesting that interaction between these residues helps the
coordination of the peptide in the deep pocket that is required
for receptor activation.
The insights from this systematic analysis of key interact-

ing residues in the natural full agonist secretin peptide and
its receptor should help direct future drug development at
this important receptor. The success with complementary
modification of peptide and receptor, often quite challenging
for flexible peptide ligands, further supports understanding
of possible forces and movements associated with receptor
activation for this and other class B GPCRs.
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