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Abstract

The corticotropin-releasing factor (CRF) and its CRF1 receptor (CRF,R) play a central role in the maintenance of homeosta-
sis. Malfunctioning of the CRF/CRFR unit is associated with several disorders, such as anxiety and depression. Non-peptide
CRF,R-selective antagonists have been shown to exert anxiolytic and antidepressant effects on experimental animals. How-
ever, none of them is in clinical use today because of several side effects, thus demonstrating the need for the development
of other more suitable CRF|R antagonists. In an effort to develop novel CRF,R antagonists we designed, synthesized and
chemically characterized two tripeptide analogues of CRF, namely (R)-LMI and (S)-LMI, having their Leu either in R (or
D) orin S (or L) configuration, respectively. Their design was based on the crystal structure of the N-extracellular domain
(N-domain) of CRF,R/CRF complex, using a relevant array of computational methods. Experimental evaluation of the sta-
bility of synthetic peptides in human plasma has revealed that (R)-LMI is proteolytically more stable than (S)-LMI. Based
on this finding, (R)-LMI was selected for pharmacological characterization. We have found that (R)-LMI is a CRF antago-
nist, inhibiting (1) the CRF-stimulated accumulation of cAMP in HEK 293 cells expressing the CRF,R, (2) the production
of interleukins by adipocytes and (3) the proliferation rate of RAW 264.7 cells. (R)-LMI likely blocked agonist actions by
interacting with the N-domain of CRF,R as suggested by data using a constitutively active chimera of CRF,R. We propose
that (R)-LMI can be used as an optimal lead compound in the rational design of novel CRF antagonists.
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Introduction

The type 1 receptor (CRF1 receptor, or CRF,R) for cortico-
tropin-releasing factor (CRF) mediates the effects of CRF
in the regulation of the hypothalamic—pituitary—adrenal axis
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(Ramot et al. 2017; Chrousos 2009), as well as, the gastro-
intestinal (Martinez and Tache 2006), behavioral, immune
(Slominski et al. 2013; Karalis et al. 1991; Dermitzaki et al.
2014; Tsatsanis et al. 2007), endocrine (Schmid et al. 2011;
Huising et al. 2010) and central nervous (CNS) (Stengel
et al. 2009; Deussing and Chen 2018; Dedic et al. 2018)
systems, thus playing crucial role in the maintenance of
homeostasis. An aberrant regulation of homeostatic mecha-
nisms renders us vulnerable to various disorders, including
anxiety and depression, with CRF,R being involved in these
mechanisms. Indeed, the use of CRF,R-antisense oligonu-
cleotides or knockout mice deficient of CRF,R suggested
the involvement of CRF|R in the previously mentioned dis-
orders (Ramot et al. 2017; Arborelius et al. 1999; Reul and
Holsboer 2002; Muller et al. 2003; Timpl et al. 1998). It
addition, non-peptide CRF,R-selective antagonists display
antidepressant and anxiolytic properties (Zorrilla and Koob
2010; Fahmy et al. 2012). CRF,R-selective non-peptide
antagonists have also been reported to reduce colonic transit
time and defecation induced by various stressors or centrally
injected CRF, and could be potentially used for the treat-
ment of stress-induced metabolic syndrome manifestations
and pituitary ACTH secreting tumors (Stengel et al. 2009;
Martinez and Tache 2006; Grammatopoulos and Chrousos
2002).

CRF,R belongs to the family B of G protein-coupled
receptors (GPCRs) (Grammatopoulos and Chrousos 2002;
Liapakis et al. 2011). As all GPCRs, CRF,R is a plasma
membrane protein, consisting of an amino-terminal extracel-
lular region (N-domain), a carboxyl-terminal intracellular
tail and seven, mostly hydrophobic, transmembrane domains
(TMs), which are connected by alternating intracellular (ILs)
and extracellular loops (ELs). The ELs and the upper parts
of TMs form the J-domain of the receptor. CRF and related
peptide agonists, such as sauvagine, interact with the N-
and J-domains of CRF,R (Liapakis et al. 2011). In contrast,
non-peptide, micromolecular, CRF,R-selective antagonists,
such as antalarmin, bind deep in the binding site-crevice of
CRF,R, which is formed by receptor TMs, and allosterically
antagonize CRF-stimulated cAMP signaling (Hoare et al.
2003; Gkountelias et al. 2010). Although many allosteric
non-peptide blockers exist, micromolecular orthosteric small
molecule antagonists that bind to the extracellular parts of
CRF,R have not yet been reported.

The interaction of CRF|R with CRF or its related peptide-
agonists has been proposed to involve two steps (Hoare et al.
2004, 2008). In the first step, the C-terminal region of pep-
tides interacts with the N-domain of the receptor. This “first-
step” interaction orients the N-terminal region of peptides
toward the J-domain of the receptor, resulting in the interac-
tion (second-step) between each other. This “second-step”
interaction is responsible for activation of CRF;R. N-ter-
minally truncated CRF-related peptides, such as astressin
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or CRF(27-41), are antagonists, because they bind to the
N-domain of the receptor in the “first-step” interaction, thus
blocking agonist binding, but cannot proceed to the “second-
step” as they lack the N-terminal region that binds to the
J-domain and activates the receptor. Supporting evidence for
the two-step model of ligand/receptor interaction is provided
by a study, which removed the N-domain of CRF,R and
tethered the first 16 N-terminal residues (signaling region)
of CREF to the resting receptor (J-domain), thus creating the
chimeric receptor, CRF(1-16)/R1AN (Nielsen et al. 2000).
Such a tethering mimicked the “first-step”” of CRF;R-peptide
interaction, which placed the signaling region of CRF close
to the J-domain of receptor, to interact with each other and
activate the CRF,R. Thus, the CRF(1-16)/R1AN chimera is
a constitutively active mutant, the activation of which was
blocked by antalarmin but not by astressin (Nielsen et al.
2000).

A previous crystallization study of the N-domain of
CRF,R/CRF complex has unveiled its three dimensional
(3D) architecture, which includes a hydrophobic surface
interacting with the peptide (Pioszak et al. 2008). In this
study, CRF has been proposed to bind to CRF,R in such way
so that its 2641 C-terminal amino acids interact with the
N-domain of the receptor and the 1-25 N-terminal residues
of the peptide point towards the TMs of CRF;R. Among the
C-terminal amino acids, Leu®’, Met®® and Ile*' of CRF have
been shown to play the major role in its interaction with the
receptor (Pioszak et al. 2008). Structure—function relation-
ship and NMR spectroscopy studies have also highlighted
the functional importance of Leu®’, Met*® and Ile*! of CRF
and its related peptide analogues (Pioszak et al. 2008; Rijk-
ers et al. 2004; Mesleh et al. 2007; Kornreich et al. 1992).
Based on these studies, Leu®’, Met®® and Ile*' most likely
define a hot-spot binding epitope of CRF and its related pep-
tides. On the basis of this epitope we rationally designed,
synthesized and pharmacologically characterized for the
first-time tripeptides that target the N-domain of CRF R and
antagonize CRF binding.

Materials and methods
Computational chemistry

The structures of the two diastereoisomers of tripeptide
H;N*-Leu-Met-Ile-COO~ (Leu adopts an R or S configu-
ration, thus creating the (R)-LMI or (S)-LMI) were con-
structed on Maestro subroutine (Schrodinger Suite 2012
update 2). Protonation states of the residues were created
using Epik software program (https://doi.org/10.1007/s1082
2-007-9133-z) at 7.4 pH and the peptides were energy-
minimized using the Optimized Potential for Liquid Sim-
ulations (OPLS-2005) force field as it is implemented in
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MacroModel 9.0 software (Schrodinger Suite 2012 update
2) using water as a solvent. The compounds were subjected
to 500 iterations by applying the Polak—Ribiére conjugate
gradient (PRCG) general method for energy minimization.
Molecular Dynamics (MD) simulations were performed
with the Dynamics panel of the subroutine Maestro software
(Schrodinger Suite 2012 update 2). The number of struc-
tures to sample was set at 2000. The equations of motion
were integrated with a time step equal to 1.5 fs while the
average temperature was kept constant at 300 K, with equi-
libration and simulation times equal to 20 ns and 1000 ns,
respectively. The structural clustering of the conformers was
obtained using the conformer_cluster.py script available in
the Schrodinger Suite. To generate the root-mean-square
deviation (RMSD) of atomic positions matrix, all heavy
atoms were considered. The average linkage method was
used for clustering and the best number of clusters was 10.

The crystal structure of the extracellular domain of CRF|R
(CSD reference code 3EHU (Pioszak et al. 2008)) was down-
loaded and sketched in the Maestro utility of the Schrodinger
Suite 2012.2 (Schrodinger Suite 2012). (R)-LMI and (S)-LMI
peptides were designed and optimized by the same utility.
The optimized potentials for liquid simulations 3 (OPLS3)
force field (Shivakumar et al. 2010) was used for the mini-
mization of the structures. The disulfide bonds of the protein
were created according to the crystal structure of the extra-
cellular domain of CRF,R. GlideXP software (Friesner et al.
2004) was used for docking calculations. The docking site
of CRF in CRF,R was considered as the center of the dock-
ing grid box surrounding residues Tyr99, Pro69 and Cys68/
Cys102. The ten tripeptide conformers of the lowest energy
underwent docking simulations. The Induced Fit Docking
(IFD) protocol (Sherman et al. 2006) based on GlideXP
and the software “Refinement module in Prime” aided the
prediction of ligand binding modes and concomitant struc-
tural changes in the receptor. The following steps were used
(as indicated from the induced fit docking (IFD) protocol):
(i) Optional constrained minimization of the receptor (pro-
tein preparation, refinement only) with an RMSD cutoff of
0.18 A. (i1) Initial GlideXP docking of each ligand using
a softened potential (van der Waals radii scaling). A maxi-
mum of 20 poses per ligand were retained. (iii) Prime side-
chain prediction for each protein/ligand complex, on residues
within a 6 A distance of any ligand pose. (iv) Glide redocking
of each protein/ligand complex structure within 30 kcal/mol
of the lowest energy structure.

MD simulations of receptor complexes were carried
out with the PMEMD module of AMBER 12 simulation
package (Case et al. 2005). The initial geometry of pep-
tides was optimized with the HF/6-31G* basis set (Gauss-
ian 09) (Frisch et al. 2009). The force field ff99SB was
utilized to represent the behavior of complexes. The sys-
tems were solvated using the transferable intermolecular

potential with 3 points (TIP3P) water model in a truncated
octahedron (Jorgensen et al. 1983), with each protein atom
being at least 10 A away from the edges of the periodic
box. The minimization of systems was carried out for 5000
steps, using a nonbonded cutoff of 10 A. The solvated com-
plexes were next heated under constant volume for 100 ps.
The temperature was gradually increased from O to 315 K,
and was controlled using a Langevin thermostat (Izaguirre
et al. 2001); the collision frequency was set at 2 ps~'. Dur-
ing heating, restraints of 10 kcal mol ™! A2 were applied to
receptor and peptides ((R)-LMI or (S)-LMI). Subsequently,
the systems were equilibrated under constant pressure in
two steps of 100 ps each. In the first step, constraints of
10 keal mol™" A2 were applied to the complexes, while in
the second step restraints were removed. Finally, two inde-
pendent MD calculations of 200 ns for (R)-LMI-CRF,R and
(S)-LMI-CRF,R complexes were run at 315 K under con-
stant pressure. The bonds involving hydrogen atoms were
constrained at their equilibrium distance using the SHAKE
algorithm and a 2 fs time step was used (Ryckaert et al.
1977). The ptraj module of AMBER software was used for
the analysis of trajectories(Roe and Cheatham 2013).

The MM-PBSA (Molecular Mechanics Poisson-Boltz-
mann Surface Area) method was used for the calculation of
the binding energy between receptor and peptides (Kollman
et al. 2000; Gohlke et al. 2003; Wang and Kollman 2001).
The calculation of enthalpy contribution (AH) was per-
formed by processing 1000 evenly spaced snapshots of each
simulation, while a sub-group of 100 snapshots, belonging
to the last 20 ns of calculations, were processed for entropy
estimation (—TAS). The entropy term was calculated by the
NMODE module of AMBER. For each snapshot, the free
energy of the system, the ligand and the receptor was calcu-
lated. The sum of the resulting enthalpy and entropy terms
for the system yielded the total binding energy (AGy;,q)-

Synthesis of peptides

Peptides 1 [(S)-LMI] and 2 [(R)-LMI] were synthesized
following the fluorenylmethyloxycarbonyl chloride/
tert-butyl (Fmoc/tBu) solid phase methodology utiliz-
ing the 2-chlorotrityl chloride (CLTR-Cl) resin (1.00 g)
(Kordopati et al. 2015; Laimou et al. 2012; Tselios et al.
2014; Friligou et al. 2011, 2013; Ieronymaki et al. 2015).
The first N*>-Fmoc-protected amino acid, Fmoc-Ile-OH
(1 equiv), was coupled (esterified) to the resin in the
presence of Diisopropylethylamine (DIEA, 4.5 equiv)
in Dichloromethane (CH,Cl,, 14 mL) for 1 h at room
temperature (RT). Subsequently, Methanol (CH;OH,
2 mL) and DIEA (1 mL) were added and the mixture
was stirred for another 30 min at RT. The Fmoc-Ile-resin
was successively filtered and washed with a mixture
of CH,Cl,/CH;OH/DIEA (80:15:5, 320 mL 5 min),
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Dimethylformamide (DMF, 5 X 15 mL) and isopropanole
(iPrOH, 3x 15 mL). The remaining peptide chain was
coupled with the appropriate amino acids (2.5 equiv)
in the presence of Diisopropylcarbodiimide (DIC, 2.75
equiv) and 1-Hydroxybenzotriazole (HOBt, 3.75 equiv)
in Dimethyacetamide (DMA) for 4—6 h followed by Fmoc
deprotection with 3 X piperidine (20% in DMF) for 5, 15
and 10 min, respectively. The following Fmoc protected
amino acids were used for the synthesis: Fmoc-Met-
OH, Fmoc-Leu-OH and Fmoc-DLeu-OH. Completeness
of each coupling and deprotection cycle was verified
by the Kaiser test and the retention time and ninhydrin
test of TLC [Acetonitrile (CH3CN)/H20 2:1]. The syn-
thesized protected peptide on the resin was dried under
vacuum and then was cleaved with CH,Cl,/Trifluroetha-
nole (TFE)—7:3 for 3 h at RT. The mixture was filtered,
the solvent was removed on a rotary evaporator and the
obtained oily product was precipitated by the addition of
cold diethyl ether (Et,0) as an amorphous white solid.

The crude products were further purified by semi prepara-
tive reversed phase HPLC (RP-HPLC) (column: Nucleosil
C-18, 7 pm, 250X 10 mm, eluents: A: 0.08% TFA/H,0, B:
0.08% Trifluroacetic acid (TFA)/CH;CN, gradual gradient:
from 10 to 70% B in 45 min, flow rate: 3 mL/min, detection:
230 nm, 254 nm, identification with ESI-MS) (Kordopati
et al. 2015; Laimou et al. 2012; Tselios et al. 2014; Frili-
gou et al. 2011, 2013 ; Ieronymaki et al. 2015). The purity
of the final products were assessed by analytical RP-HPLC
(column: Lichrosorb C18, 5 pm, 250 X 4.6 mm, eluents: A:
0.08% TFA/H,0, B: 0.08% TFA/CH;CN, gradual gradient:
from 10 to 100% B in 30 min, flow rate: 1 mL/min, detec-
tion: 214 nm or 254 nm) and the purity was ~98%. The final
products were identified by electrospray ionization mass
spectrometry (ESI-MS).

The synthesis of NH;*-Aib-LMI-COO™ peptide, which
was used as internal standard (IS) for the liquid chroma-
tography—tandem mass spectrometry (LC-MS/MS) assays
was achieved using the general procedure described for the
synthesis of studied peptides 1 and 2.

NMR Spectroscopy

Standard 1D (one-dimensional) and 2D (two-dimensional)
homo- and hetero-nuclear NMR (Nuclear Magnetic Reso-
nance) experiments were performed for the NMR charac-
terization of the peptides in solution. The NMR samples
were obtained by diluting the tripeptides in 90%/10% H,0/
DMSO at pH 7, at a final concentration of 2-3 mM. 1D 'H
NMR, 2D TOCSY (total correlation spectroscopy) and
NOESY (Nuclear Overhauser Effect Spectroscopy) as well
as 'H-'3 N and "H-'3C natural abundance HSQC (Hetero-
nuclear Single Quantum Coherence), were performed with
64 and 32 number of scans (NS), respectively, at 298 K
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with a Bruker Avance III HD 700 MHz spectrometer
equipped with a 5 mm TCI cyroprobe. All the 1D '"H NMR
spectra acquired using a spectral width (SW) of 13.49 ppm
with suppression of the residual H,O signal using excita-
tion sculpting water suppression pulse sequences and con-
sisted of 2048 data points (TD) with 16 NS. The 2D HSQC
spectra were acquired using a SW of 13.99 ppm for the F2
(‘H) dimension and 40.00 ppm for the F1 ('*> N) at the 'H-
15 N natural abundance HSQC. The 'H-B¢C HSQC spec-
trum acquired with 9.99 ppm and 199.98 ppm for the F2
("H) and F1 (!3C) dimension, respectively. The TD for the
F2 dimension was 2 k data points in both 'H-*C HSQC
spectra and for the F1 128 and 256 for the ' N and '*C
respectively. 2D 'H-'H TOCSY experiments were carried
out by using MLEV-17 spin-lock sequence with a mixing
time of 80 ms, 32 NS and 12.02 ppm SW (spectral width)
for both dimensions. The data points acquired in both sam-
ples were 2 k for the F2 dimension and 256 for the F1.
Finally, for both tripeptides, a set of 2D NOESY spectra
were carried out using three different mixing times, 150,
250 and 400 ms. For all these spectra, the SW was the
same with that used for TOCSY, while each increment
was acquired with 16 NS. The increments in F1 dimen-
sion was 512 and for the F2 also a total number of 2 k was
used. Raw NMR data processed with the standard Bruker
software (Topspin 3.2).

Mass spectrometry (MS)

The mass characterization of the two tripeptides along with
IS were conducted on an EVOQ Elite ER (Bruker, Germany)
triple quadrupole MS, operated in positive electrospray ioni-
zation mode (ESI) by direct infusion of the compounds at
concentration of 500 ng mL~! (data not shown).

Peptide stability assays
A. Stock, calibration and working solutions

Stock solutions of 1 mg mL~"! for the two tripeptides and
IS were prepared by weighting and dissolving the appropri-
ate amounts in DMSO. These solutions were further diluted
with acetonitrile to prepare the working solutions of the
two tripeptides (10-300 uM) and IS (140 pM). Calibration
standards (0.05-1.5 pM) for the two tripeptides were pre-
pared by spiking appropriate amounts of working solutions
into the blank human plasma (plasma that does not contain
the compounds under study or IS). The final working solu-
tions (200 pM) of two tripeptides for the plasma stability
assay were prepared by further dilution with acetonitrile
but from different stock solutions. All solutions were stored
at —20 °C.
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B. In vitro stability in human plasma

The in vitro human plasma stability of two tripeptides was
conducted by LC-MS/MS in a thermoshaker set up at 37 °C
in triplicates. In 80 pL of blank human plasma from healthy
donors (a kind offer from Blood Donation Center of the Uni-
versity Hospital of Ioannina), 10 pL of the respective work-
ing solutions (200 pM) of two tripeptides were added sepa-
rately, and incubated for 0, 1, 2, 4, 6, 12 and 24 h at 37 °C.
Samples were incubated with 400 pL ice-cold acetonitrile
for protein precipitation and subsequently 10 pL of IS work-
ing solution (140 pM) were added into the mixtures. Sam-
ples were vortexed-mixed and centrifuged at 10.000 rpm for
10 min. In a new vial containing 300 pL water (LC-MS
grade), 100 pL of the supernatant were added, vortex-mixed
and filtered with 0.2 pm Minisart RC 4 syringe filters (Sar-
torius). Samples were tranfered in LC-MS vials and 5 pL
were injected into the LC—MS system. The concentration of
compounds was calculated by standard curves that were pre-
pared by plotting tripeptides versus IS areas against nominal
concentration of the calibration standards. The plot of the
percentage remaining of the parent compound against time
was designed for the two tripeptides.

HEK 293 cell culture, transfection, and harvesting

Human embryonic kidney 293 (HEK 293) cells transiently
or stably expressing the wild type (WT) CRF R or tran-
siently expressing the chimera CRF(1-16)/R1AN (Nielsen
et al. 2000) were grown in Dulbecco’s modified Eagle’s
medium/F-12 (1:1), (DMEM/F-12), containing 3.15 g/liter
glucose and 10% bovine calf serum (BCS) at 37 °C and
5% CO,. For transient expression, 60-mm dishes of HEK
293 cells at 80-90% confluence were transfected with 2.5 pg
of plasmid containing the cDNA encoding the WT (pcind
plasmid) or CRF(1-16)/R1AN (pCI plasmid) using 9 pL of
Lipofect AMINE™ (Life Technologies, Inc.) and 1 ml of
Opti-MEM™ (Life Technologies, Inc.). Twenty-four hours
after transfection, the medium was replaced by DMEM/F-12
containing glucose and BCS and the cells were incubated
for 24 h at 37 °C and 5% CO,. Stable transfected cells were
seeded in 60 dishes and incubated in DMEM/F-12 con-
taining glucose and BCS at 37 °C and 5% CO, for 24 h.
At the end of the incubation, both stably and transiently
receptor-expressing cells were seeded in 96-well plates
(pretreated with 0.1 mg/ml poly-L-lysine) and incubated in
DMEM/F-12 containing glucose and BCS at 37 °C and 5%
CO, for 16 h before cAMP accumulation assays.

cAMP accumulation assays

HEK 293 cells, stably or transiently expressing WT or
transiently expressing CRF(1-16)/R1AN were incubated

in 96-well plates in 100 pL assay buffer (25 mM HEPES,
pH 7.4, 2 mM choline, 288 mM sucrose, 0.9 mM CaCl,,
0.5 mM MgCl,, and 1 mM 3-isobutyl-1 methylxanthine).
After 1-h incubation at 37 °C, more assay buffer with or
without ligands was added to a total volume of 200 pl, and
the incubation was continued for 30 min at 37 °C. Specifi-
cally, HEK 293 transiently expressing WT or CRF(1-16)/
R1AN were incubated without or with 10 nM CRF, 1 pM
antalarmin, or 1 pM (R)-LMI, whereas HEK 293 stably
expressing WT were incubated with 10 nM CRF in the pres-
ence or absence of increasing concentrations of (R)-LMI.
The latter experiments were performed to determine the
half-maximal inhibitory concentration of (R)-LMI. At the
end of the incubation, the assay buffer was removed. The
cells were placed on ice and lysed with 3% trichloroacetic
acid. Lysates were incubated on ice for 30-60 min and stored
at —20 °C. After 1-5 days, frozen lysates were thawed and
centrifuged at 1800 g for 10 min at 4 °C and the supernatants
were neutralized with 2 N NaOH. Quantification of cAMP in
the neutralized supernatants was performed using a competi-
tive binding assay as previously described (Spyridaki et al.
2014). In brief, supernatants were transferred to polypropyl-
ene mini-tubes (20 pl/tube) containing buffer A (100 mM
Tris—HCI, pH 7.4, 100 mM NacCl, and 5 mM EDTA) with
1 to 1.5 nM [2,8-*H]cAMP (Perkin Elmer). Subsequently,
cAMP-binding protein (~ 100 mg of crude bovine adrenal
cortex extract in 500 mL of buffer A) was added to each
tube. The cAMP-binding protein was prepared from bovine
cortexes obtained from the local slaughterhouse according
to the method of Liapakis et al. (Liapakis et al. 2000). After
incubation on ice for 3 h, the mixtures were filtered through
Whatman 934AH glass fiber filters, using a Brandel cell har-
vester. The filters were washed three times with 0.5 mL of
ice-cold buffer C (120 mM NaCl and 10 mM Tris HCI, pH
7.4 at 4 °C), placed in 4 mL scintillation fluid and assessed
for radioactivity in a beta counter (50% efficiency). The
amount of cAMP in each sample (one tenth of a well) was
determined by comparison with a standard curve of known
concentrations of unlabeled cAMP (1-100 pmol/tube). The
half-maximal inhibitory concentration (or antagonistic
potency, -LogICs,) values were obtained by fitting the data
to a one-site competition model using nonlinear regression
analysis (Prism 4.0).

3T3L1 cells differentiation

3T3L1 pre-adipocytes (obtained from the American Type
Culture Collection) were plated using a basal medium
(DMEM, 4 mM L-Glutamine, 25 mM D-Glucose, 1 mM
Sodium Pyruvate, 3.7 g/LL NaHCO3, 50 units/ mL penicillin,
and 50 pg/ mL streptomycin) supplemented with 10% NBS
in a humidified atmosphere at 37 °C. The next day the media
were changed to the differentiation media that composed
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of the basal medium supplemented with 10% FBS, 10 pg/
mL insulin, 1 pM DEX and 0.5 mM 3-Isobutyl-1-Methyl-
xanthine (IBMX) (Sigma). Two days later, the media were
changed to the basal medium supplemented with 10% FBS
and 10 pg/ mL insulin. The media were replaced every
2 days for a period of 12 days.

CXCL1 measurement from 3T3L1 cells

Pre-adipocytes were cultured to 12-well plates at a density of
20,000 cells per well and forced to differentiate as described
above. The fully differentiated adipocytes were exposed to
CREF in the presence or absence of (R)-LMI and cell culture
supernatants were collected and stored at — 80 °C until used
for the determination of CXCLI1 concentration by ELISA
(DY453) from R&D. For normalization of the measure-
ments, cells were harvested and sonicated for quantification
of total cellular proteins as previously described.

Proliferation assays

The proliferation rate of RAW 264.7 cells was determined in
the presence or absence of 1 pM (R)-LMI, or 1 uM astressin.
Specifically, cells were plated in 96-well plates (Costar) at
a concentration of 3000 cells/well, using DMEM-low glu-
cose medium. After 1-3 days incubation of cells, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was added at a final concentration of 0.5 mg/ mL and
the cells were incubated for 4 h at 37 °C. Mitochondria of
live cells metabolize MTT to blue crystals. Crystals were
dissolved by incubating cells with DMSO at room temper-
ature for 20 min and determining the optical density in a
Dynatech MicroElisa reader (Chantilly, VA) at the wave-
length of 595 nm.

Results
Rational peptide design and synthesis

Eight possible structures of the tripeptide Leu-Met-Ile were
in silico evaluated in molecular docking experiments at the
extracellular part of CRF,R (Table 1), with the side chain
of isoleucine adopting an S stereochemistry. The tripep-
tide with the most favorable binding score in these experi-
ments was found to adopt the RSS stereochemistry. Using
the RSS stereochemistry of the tripeptide, derivative com-
pounds were produced by the software MUSE (Tripos 2011).
20,000 compounds were initially designed and then scored
via TriposScore (Tripos 2011). Amongst them, only 2000
survived the filtration process. The selection was based on
the spatial arrangement of the tripeptide and pharmacophore
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Table 1 Correlation of tripeptide’s stereochemistry and molecular
binding docking score

Stereochemistry GlideXP score
RSS -7.11
SRR -6.80
RRS -6.72
RRR -6.34
SSR -6.28
SRS -6.10
SSS -6.06
RSR -5.97

similarity. None of those provided better score than the RSS
H;N"-Leu-Met-1le-COO™ tripeptide.

To probe the in silico findings, two diastereoisomers of
the H;N*-Leu-Met-Ile-COO™ tripeptide were synthesized,
with Leu in its S or R configuration, thus creating the pep-
tides, (S)-LMI and the (R)-LMI, respectively. The (S)-LMI
has been synthesized as a reference compound, representing
the natural tripeptide, using the Fmoc/tBu methodology and
2-chlorotrityl chloride (CLTR-CI) resin.

The structural identification of the two diastereoiso-
mers was achieved by using a combination of different
NMR homo- and hetero-nuclear spectra, including two
dimensional Nuclear Overhauser Effect Spectroscopy (2D
NOESY). 2D NOESY was used for determining their low-
energy average conformations. As it can be observed from
the NMR experiments the spectra of the two diastereoi-
somers exhibit significant similarities in terms of chemi-
cal shifts, except the splittings for yCH, Met and  CH,
of Leu (Fig. 1). NH chemical shifts are shifted downfield
for the H;N*-R-Leu-Met-1le-COO~ (or (R)-LMI). 2D
NOESY spectra revealed that the two molecules did not
show medium- or long-distance Nuclear Overhauser Effects
(NOEs) indicating absence of vicinal proximity between the
side chains (spectra not shown), as expected for such short
and mobile peptides.

Molecular modeling

Ten structural clusters were generated for each tripeptide
in water using RMSD (root-mean-square deviation) as a
criterion, and the lowest energy conformers from each
cluster were used for docking experiments (utilizing the
GlideXP software and the Induced Fit Docking (IFD) pro-
tocol). The RMSD values (Fig. 2) of the lowest energy
docking poses in comparison to the lowest energy con-
formers derived from the Molecular Dynamics (MD) clus-
ters ranged between 0.5 and 4.0 A showing that docking
results were in agreement with the experimental NOEs.
The ten lowest energy MD conformers for each peptide
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Fig. 1 NMR spectra of compounds. '"H NMR spectra of H;N*-R-Leu-Met-1le-COO~ ((R)-LMI) (top) and H;N*-S-Leu-Met-Tle-COO~ ((S)-
LMI) (bottom) acquired at 700 MHz Bruker NMR spectrometer at ambient temperature using 9:1 D,O/DMSO-dj solvents’ mixture

are shown in Fig. 3 and a representative docking pose of
the lowest energy conformers is shown in Fig. 4.

Specifically, the RMSD plots from the MD experiments
for the two peptide-receptor complexes in water (under
NOE constraints) indicate that after the first 40 ns of the
simulations, the MD runs eventually equilibrated and the
receptor appeared significantly stable in both cases (Fig. 2a).
Also, the independent structures of (R)-LMI and (S)-LMI
ultimately are stabilized despite that (S)-LMI displayed a
noticeable conformational change from 40 to 90 ns (Fig. 2a).

During the MD simulations of the CRF,;R-peptide com-
plexes, analysis of the hydrogen bonds (HBs) throughout
the trajectories, revealed a lack of stable HBs between the
peptides and the receptor (less than 10% occupancy), sug-
gesting that peptide binding is mostly driven by non-polar
interactions. Comparison of the binding energies of (R)-LMI
and (S)-LMI receptor complexes (free energy calculations)
using the Molecular Mechanics Poisson-Boltzmann Sur-
face Area (MM-PBSA) method (Table 2) suggest that the
binding of (R)-LMI peptide in the extracellular N-domain
of CRF,R is more energetically favorable, than that of (S)-
LMI. We also explored the flexibility of the docked peptides
by calculating the root mean square fluctuations (RMSF) of
the heavy atoms (C, N, O) (Fig. 2d). While methionine and
isoleucine appear equally flexible in both peptides, leucine
shows minimum RMSF in the R form, which seems practi-
cally stable. Snapshots of the systems toward the end of the
simulation show that Leu is engulfed by the adjacent amino
acids of CRF|R.

Evaluation of the stability of the synthetic peptide
in human plasma

The quantification of the two tripeptides as also the evalu-
ation of their stability in human plasma in a time depend-
ent manner was accomplished by establishing an LC-MS/
MS protocol. An internal standard (IS) was first con-
structed meeting the physicochemical characteristics of
the two synthetic peptides. Specifically, we synthesized as
IS the NH;*-Aib-(R)-Leu-Met-Ile-COO™ peptide. Several
trials were conducted to identify the optimal chromato-
graphic conditions (mobile phase, column type, flow rate,
etc.) for the highest possible resolution and the shortest
run time. Next, tandem mass spectrometry was used for
the detection of the tripeptides in positive electrospray
ionization mass spectrometry (ESI-MS) since the precur-
sor — product transition was optimum in this mode. The
stability profile of the two tripeptides in human plasma
after 24 h incubation at 37 °C is presented in Fig. 5. The
degradation rate for (S)-LMI was significantly high since
after 2 h incubation in human plasma, only approximately
14% from the initial concentration was still present. In
contrast, (R)-LMI was profoundly more stable in human
plasma, with 78% of the initial concentration still present
after 24 h incubation.

Evaluation of the antagonistic properties of (R)-LMI

To evaluate the antagonistic properties of the (R)-LMI,
we determined its ability to inhibit (1) the CRF-stimulated
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Fig.2 Molecular dynamics of peptide binding to the CRF,R. RMSD
and RMSF values to depict the flexibility and stability of the receptor
and peptides during the binding process. a All atom RMSD values
versus trajectory time for CRF|R while docked with either (R)-LMI
(CRF R-LMI) or (S)-LMI (CRF S-LMI) and peptides independently

accumulation of cAMP in HEK 293 cells expressing the
CRF|R, (2) the production of interleukins by adipocytes
and (3) the proliferation rate of RAW 264.7 cells. We
selected the (R)-LMI to determine its antagonistic proper-
ties, based on that it is proteolytically more stable than the
(S)-LMI. In cAMP experiments, we determined the half-
maximal inhibitory concentration (or antagonistic potency,
-LogICs) of (R)-LMI, which is the concentration of trip-
eptide required to reduce the CRF-stimulated cAMP accu-
mulation by half. As shown in Fig. 6 the (R)-LMI inhibited
CRF-stimulated cAMP accumulation in a dose-response
manner, with an antagonistic potency (ICs,) of =1.17 pM
(or —LoglC5,=5.93+£0.21, n=4).

To further determine the antagonistic properties of (R)-
LMI we tested whether this peptide blocked the effects of
CRF on the production of the interleukin CXCL1 from dif-
ferentiated white adipocytes. 3T3L1 mouse pre-adipocytes
were induced to differentiate to white adipocytes according
to the method of Dermitzaki et al. (Dermitzaki et al. 2014).
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(R-LMI and S-LMI) b Root mean square fluctuations (RMSF) of
the heavy atoms of CRF|R while docked with either (R)-LMI (CRF
R-LMI) or (S)-LMI (CRF S-LMI). ¢ Snapshot of the CRF;R/(R)-LMI
system after 200 ns of simulation. d Root mean square fluctuations of
tripeptides by residue name

In these experiments, we used 10 nM CRF as previously
described (Dermitzaki et al. 2014). Exposure of differenti-
ated white adipocytes to 10 nM CRF for 24 h significantly
reduced the production of CXCL1 compared to untreated
(control) cells (Fig. 7). The CXCLI levels after treatment of
CRF-stimulated adipocytes with 5 pM (or 5x 107 M) (R)-
LMI were not statistically significant compared to controls.
This suggests that (R)-LMI antagonized the effects of CRF
on the production of CXCL1 from adipocytes (Fig. 7).

We also performed proliferation assays using RAW 264.7
monocyte/macrophage cells, which endogenously express
CRF (Agelaki et al. 2002; Smith et al. 2006), to verify the
antagonistic properties of (R)-LMI and compare the results
of tripeptide with those obtained using astressin. As shown
in Fig. 8, (R)-LMI at concentration of 1 pM significantly
decreased the proliferation rate of RAW 264.7 cells the
third day of culture, compared to vehicle-treated cells, at
levels similar to those achieved with astressin at the same
concentration.
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Fig.3 Peptide conformers. Ten
lowest energy conformers of

H;N*-S-Leu-Met-1le-COO~
((S)-LMI) a and
H;N*-R-Leu-Met-Ile-COO™~
((R)-LMI) b derived from the
ten clusters generated during
MD studies

(@) Ten Lowest energy conformers of H;N-S-Leu-Met-Ile-COOH

Experimental evaluation of the interaction
of (R)-LMI with the N-domain of CRF1R

The design of (R)-LMI was based on a pharmacophore cre-
ated from the interactions between the amino acids of CRF
and residues of the N-domain of CRFR. To experimentally
evaluate the interaction between (R)-LMI and the N-domain
of CRF,R, we determined the effects of the tripeptide on
the functional properties of the CRF(1-16)/R1AN, which
lacks the N-domain of CRF,R. In this chimeric receptor the

first 16 N-terminal residues (signaling region) of CRF were
tethered to the J-domain of CRF,R in place of its N-domain
(Nielsen et al. 2000). Such a modification created a con-
stitutively active receptor that was not able to be further
stimulated by exogenously administered CRF. Stimulation
of cAMP accumulation in the absence of agonists was three-
fold higher than that of WT CRF;R (control) and it was not
further increased by 10 nM CRF (Fig. 9). As CRF, 1 pM
(R)-LMI did not significantly alter the CRF(1-16)/R1AN-
mediated constitutive stimulation of cAMP accumulation
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Fig.4 Molecular docking of compounds. Docking pose for the low-
est energy conformer of H3N+-S-Leu-Met-Ile-COO‘ ((S)-LMI) a and

H,N*-R-Leu-Met-Ile-COO™ ((R)-LMI) b in the N-terminal segment
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Fig.5 In vitro human plasma stability. Degradation rate of (R)-LMI
and (S)-LMI after incubation in human plasma at 37 °C for different
time points and up-to 24 h. The symbols represent the mean + SE val-
ues of three experiments (n=3)

(Fig. 9). In marked contrast, the CRF(1-16)/R1AN-mediated
constitutive stimulation of cAMP accumulation was signifi-
cantly reduced by 1 pM antalarmin, which interacts with the
transmembrane domains of the receptor.

Discussion
In this study we designed, synthesized and pharmacologi-

cally characterized for first time two tripeptide CRF ana-
logues targeting the N-domain of CRFR. To achieve this
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Fig.6 Inhibition of CRF-induced cAMP accumulation by (R)-LMI.
Stimulation of cAMP accumulation in HEK 293 cells stably express-
ing the CRF|R by 10 nM CRF in the absence or presence of increas-
ing concentrations of (R)-LMI. The means and SE (duplicate deter-
mination) are shown from a representative experiment performed 4
times with similar results (n=4)

aim, we have utilized an array of in silico tools to scruti-
nize a large number of molecules as potential binders to the
extracellular N-domain of CRF|R. The molecular basis of
our screening studies was based on the available X-ray 3D
architecture of the N-domain of CRF,R in complex with
the CRF (Pioszak et al. 2008). Among the amino acids of
CREF, those in its carboxyl-terminal region (26—41) have
been shown to interact with the N-domain of the receptor,
with Leu®’, Met®® and Ile*! of peptide being very impor-
tant. Modification of these residues of CRF and its ana-
logue CRF-(27-41) dramatically reduced peptide binding,
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Fig.7 (R)-LMI antagonizes the effects of CRF on the production
of CXCL1 from mouse mature adipocytes. Differentiated to white
3T3L1 mature adipocytes were exposed to 10 nM CREF in the pres-
ence or absence of 0.5 uM (5X107'M) or 5 pM (5X1075M) (R)-LMI
for 24 h and the release of CXCL1 was determined using ELISA.
Data are expressed as percentage change compared with control val-
ues (cells exposed only to vehicle). Bars indicate the mean + SE val-
ues (n=238) from 3 independent experiments. Bars with asterisk indi-
cate that inhibition of CXCLI release was significantly lower than
control cells (*p<0.05 depicts the statistical significant difference
from control)
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Fig.8 (R)-LMI decreases the basal proliferation rate of RAW 264.7
cells. RAW 264.7 cells were exposed to 1000 nM (R)-LMI (R-LMI)
or astressin and their proliferation was evaluated at 24, 48, and 72 h
using the MTT method. Each point indicates the mean+SE val-
ues from 4 wells of an independent experiment (n=3 experiments).
(*p<0.05 depicts the statistical significant difference from control)

supporting their important functional role (Pioszak et al.
2008; Rijkers et al. 2004). Similar results were obtained by
Mesleh et al. who, using transferred NMR spectroscopy,
characterized the binding of a 12-residue peptide antago-
nist (¢CCRF30-41) while bound to the isolated N-domain of
the CRF,R. This study proposed that Met*® and Ile*! may
play a crucial role in the binding of antagonists (Mesleh
et al. 2007). The importance of Leu37, Met?8, 1le*! of CRF
in ligand-receptor interactions has also been suggested by an
NMR study of the N-domain of CRF,R in complex with the

CRF-related ligand, alpha helical cyclic CRF (Grace et al.
2010) and in a structure—function study, which showed that
alanine substitution of these residues reduced or abolished
the biological potency of CRF (Kornreich et al. 1992).

Guided from these findings, we have selected as the most
potent binder the tripeptide H;N*-Leu-Met-Ile-COO™, the
Leu, Met and Ile of which could mimic the architectural
environment of the C-terminal Leu®’, Met?® and Ile*! of
CRF. Our in silico studies demonstrated that the config-
uration of the chiral center of Leu, D (or R) or L (or S),
could alter the interaction potential of the tripeptide with
the receptor. Thus, we have synthesized two tripeptides, the
(S)-LMI (Leu in S configuration) and (R)-LMI (Leu in R
configuration).

The structural identification and conformational proper-
ties of the two diastereoisomers, were carried out by NMR
spectroscopy and molecular dynamics experiments. The
NMR results indicated that the two molecules did not show
medium or long-distance NOEs indicating absence of a
structure in these short peptides in solution. The open form
of peptide permits its hydrophobic side chains to suitably
interact with hydrophobic amino acids of the receptor.

To determine the binding of (S)-LMI and (R)-LMI to
CRF,R, we calculated their binding energy values in MM-
PBSA free energy calculations (Table 2). We found that
(R)-LMI bound to CRF;R with higher affinity than (S)-
LMI. Specifically, MM-PBSA calculations illustrated that
van der Waals interactions for (R)-LMI are more favorable
(—35.62 kcal/mol) in comparison to (S)-LMI (-27.30 kcal/
mol). The binding of tripeptides to CRF,R has been shown
by our molecular modeling studies to be mediated through
interactions involving Cys102, Tyr73 Tyr99, and Arg96 of
the N-domain of CRF,R (Fig. 4). The impact of a simple
alteration in the configuration (S—R) of a single chiral center
of an amino acid (Leu) in the hot-spot of a peptide-protein
(CRF-CRF,R) interaction interface on the binding potential
is an interesting case to be reported. This could be due to the
differential positioning of the tripeptides in the N-domain
of CRF,R, associated with more enhanced van der Waals
interactions of (R)-LMI versus (S)-LMI as estimated by
MM-PBSA calculations (Table 2 and Fig. 4).

Substitution of L-Leucine of (S)-LMI by D-Leucine, thus
creating the (R)-LMI, increased not only the binding of the
peptide, but also its human plasma stability profile, abro-
gating its rapid enzymatic degradation, as revealed by the
LC-MS/MS experiments. In addition, it is possible for this
peptide to be stable from proteasomal degradation since a
previous study suggested that the presence of D-amino acids
at the N-terminus of a polypeptide abrogates its proteasomal
degradation (Rabideau and Pentelute 2015). Based on these
findings, (R)-LMI was selected for further pharmacological
characterization.
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Fig.9 (R)-LMI is unable to inhibit the elevated basal levels of cAMP
in cells expressing the constitutive active CRF(1-16)/R1AN. Basal
(solid bar), or ligand-modified intracellular levels of cAMP in HEK
293 cells transiently expressing the chimera of CRF,R, CRF(1-16)/
RIAN, was compared relative to basal levels (value set at 100%)
of wild type (WT) CRF,R (control, open bar). The ligands used in
these experiments, were CRF (dotted bar), (R)-LMI (hatched bar on
left), or antalarmin (ANTL), (hatched bar on right). The CRF(1-16)/
RI1AN has been created by replacing its N-domain of CRF|R by the

first 16 N-terminal residues of CRF. Bars, indicate the mean + SE val-
ues from 3 independent experiments. Bar with pound indicates that
basal levels of cAMP were significantly higher than those of con-
trol, whereas bar with asterisk indicates that stimulation of cAMP
by CRF(1-16)/R1AN in the presence of antalarmin was significantly
lower than basal stimulation by CRF(1-16)/R1AN (*p and #p<0.05
depict the statistical significant differences from chimera and control,
respectively)

Table 2 Binding free energy
analysis for the CRF,R/(R)-LMI
and CRF,R/(S)-LMI complexes

Energy component

CRF,R / (R)-LMI
RSS peptide

CRF,R /(S)-LMI
SSS peptide

as obtained by the MM-PBSA Average value +SE Average value +SE

calculations (kcal/mol) (kcal/mol)
AE, g, —-35.62 0.335 -27.30 0.022
AE . -76.90 1.260 —-66.20 1.762
AGpg 89.15 1.048 75.50 1.542
AG ity -4.35 0.017 -3.30 0.012
AE, -112.53 1.282 -93.51 1.750
AG, 84.80 1.046 72.19 1.537
AH=AE, +AG,, -27.73 0.401 -21.31 0.493
—TAS 1 22.78 1.348 22.92 1.156
AGinding -4.95 0.557 +1.61 0.5842

Binding energy (AGMM-PBSA) values between the CRF|R and each peptide, (R)-LMI or (S)-LMI, have
been estimated using the MM/PBSA method of AMBER software (described in the Materials and Meth-
ods) and represent the means + SE of 50 frames for entropy values and 160 frames for the other values dur-

ing the MM-PBSA calculations

(R)-LMI binding to the CRF,;R most likely inhibits the
first step interaction of C-terminal region of peptide-ago-
nists, such as CRF and sauvagine, with the N-domain of
receptor. This interaction has been proposed to orient the
CRF peptides and all peptide-agonists for family B GPCRs
such as their N-terminal residues (signaling region) to inter-
act with the J-domain of receptors and activate them (Lia-
pakis et al. 2017). Peptides, such as the CRF-(27-41) or
the larger astressin, lacking the N-terminal signaling region
are antagonists because they bind to the N-domain of the
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receptor in the first step of receptor-ligand interaction, thus
blocking agonist binding, but cannot proceed to the second
step as they are not able to interact with the J-domain and
activate the receptor (Liapakis et al. 2017). Similarly, the
small tripeptide, (R)-LMI, is expected to be a CRF antago-
nist by binding to the N-domain of receptor and blocking
agonist binding, without however activating the recep-
tor since it lacks the N-terminal signaling region of CRF.
Indeed, (R)-LMI inhibited CRF-stimulated accumulation of
cAMP in HEK 293 cells stably expressing the full length
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CRF|R in a dose-response manner, suggesting that it is a
CREF antagonist.

Moreover, (R)-LMI was able to inhibit the CRF-stimu-
lated production of interleukins by adipocytes. Specifically,
(R)-LMI decreased the effect of CRF on CXCL1 production
from mouse 3T3L1 in vitro differentiated white adipocytes,
which has been shown to express CRF;R (Dermitzaki et al.
2014). CXCL1 is a chemokine produced from mouse cells
in pro-inflammatory situations to support the establishment
of inflammation. Similarly, the CRF,R-selective antagonist,
antalarmin has been recently shown to block the effects of
CRF on adipocytes function (Dermitzaki et al. 2014). To fur-
ther verify the antagonistic properties of (R)-LMI, we deter-
mined its ability to block the effects of endogenous CRF on
cell proliferation in RAW 264.7 monocyte/macrophage cells.
(R)-LMI significantly decreased the basal proliferation rate
of RAW 264.7 cells at similar levels with astressin. RAW
264.7 cells have been shown to express endogenous CRF
and to respond to CRF|R antagonists suggesting that they
express functional CRF R receptors (Agelaki et al. 2002;
Smith et al. 2006).

Supportive evidence for the interaction of (R)-LMI
with the N-domain of CRF|R is provided by results from
experiments using the CRF(1-16)/R1AN chimera. This
chimera is a constitutive active receptor which has been
created by excising the N-domain of CRF,R and tethering
the first 16 N-terminal residues (signaling region) of CRF
to the remaining portion (J-domain) of receptor (Nielsen
et al. 2000). Such tethering mimics the first step of recep-
tor—ligand interaction and brings the signaling region of
CRF in close proximity to the J-domain of CRF R, to inter-
act with each other and activate the receptor. This chimera
cannot be stimulated by CREF, since it lacks the N-domain
of wild type CRF R, in agreement with a previous study
(Nielsen et al. 2000). Similarly, the constitutive activity of
this chimera was not blocked by astressin which binds to the
N-domain of wild type CRF,R (Nielsen et al. 2000). In con-
trast the constitutive activity of this construct was blocked by
the non-peptide CRF antagonist, antalarmin, in agreement
with a previous study (Nielsen et al. 2000). Antalarmin has
been shown to bind to the TMs of CRF,R and block receptor
activation (Spyridaki et al. 2014). Similar to astressin and
in contrast to antalarmin, the (R)-LMI was not able to block
the constitutive activity of the CRF(1-16)/R1AN chimera,
suggesting its interaction with the N-domain of CRF,R.

Conclusively, we designed, synthesized and pharmaco-
logically characterized the proteolytically stable tripeptide
(R)-LMI, which blocks the ability of CRF to activate the
receptor. The effects of (R)-LMI appear to be mediated
through its interaction with the N-domain of CRF R, in
contrast to allosteric non-peptide antagonists, which block
CREF effects by interacting with TM residues that are located
deep in the binding site-crevice of CRF,R. These findings

hold significant potential for clinical applications setting the
basis for the development of novel non-peptide orthosteric
antagonists of CRF, which could be potentially used for the
treatment of several CRF-related diseases.
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