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ABSTRACT: Hemopressin, a bioactive nonapeptide derived from the R1 chain of hemoglobin, was recently
shown to possess selective antagonist activity at the cannabinoid CB1 receptor [Heimann, A. S., et al. (2007)
Proc. Natl. Acad. Sci. U.S.A. 104, 20588-20593]. CB1 receptor antagonists have been extensively studied for
their possible therapeutic use in the treatment of obesity, drug abuse, and heroin addiction. In particular,
many compounds acting as CB1 receptor antagonists have been synthesized and subjected to experiments as
possible anti-obesity drugs, but their therapeutic application is still complicated by important side effects.
Using circular dichroism and nuclear magnetic resonance spectroscopy, this work reports the conformational
analysis of hemopressin and its truncated, biologically active fragment hemopressin(1-6). The bindingmodes of
both hemopressin and hemopressin(1-6) are investigated by molecular docking calculations. Our conforma-
tional data indicate that regular turn structures in the central portion of hemopressin and hemopressin(1-6) are
critical for an effective interaction with the receptor. The results of molecular docking calculations, indicating
similarities and differences in comparison to the most accepted CB1 pharmacophore model, suggest the possi-
bility of new chemical scaffolds for the design of new CB1 antagonist lead compounds.

The endogenous signaling system known as the ECS1 com-
prises cannabinoid receptors and endocannabinoids, the enzymes
for their synthesis and inactivation, and molecular targets for
endocannabinoids (2). TheECS is involved in abroad rangeof func-
tions and has been implicated in a growing number of physio-
pathological conditions at both central and peripheral levels (3).
The ECS controls appetite, food intake, energy balance, and
metabolic functions (4). In addition, the ECS system is involved
in neuroprotection (5-7), the modulation of nociception (8),

and immune and inflammatory responses (9-11) and also
influences intracellular events that control the proliferation of
numerous types of cancer cells, thereby producing antitumor
effects (12). Many (endo)cannabinoid-like compounds derived
from the psychoactive component Δ9-THC of Cannabis sativa
have been developed and used as pharmacological tools,
showing utility as appetite stimulants, antiemetics, analgesics,
antiglaucoma agents (13, 14), and tumor growth inhibitors
(15), as well as in the treatment of neurodegenerative disorders
such as multiple sclerosis (16, 17).

To date, two different cannabinoid receptors, CB1 and
CB2, have been identified and cloned from mammalian
tissues. Whereas CB1 is preferentially expressed in the CNS (18),
CB2 has been described as the predominant form expressed
by peripheral immune cells (19, 20). Both CB1 and CB2 genes
encode a seven-transmembrane domain protein belonging to the
Gi/o-protein-coupled receptor family (19). Endogenous ligands
(endocannabinoids), the first two cannabinoid receptor antago-
nists identified (5, 6), anandamide (AEA) and 2-AG, and other,
more recently described cannabinoid receptor agonists (21-23)
all exhibit variable selectivity for both CB1 and CB2 (24, 25).

The therapeutic applications of cannabinoid receptor antag-
onists depend on ligand selectivity. In particular, selective CB1

receptor antagonists have been extensively studied for their
possible therapeutic use in the treatment of obesity (26, 27),
drug abuse (28), and heroin addiction (29). In particular, a large
number of compounds have been synthesized and SAR data
derived from their activity at the CB1 receptor have allowed the
definition of a general CB1 pharmacophoremodel (1). Currently,
rimonabant [SR141716, Acomplia, discovered by Sanofi-
Synth�elabo (now Sanofi-Aventis)] represents the end point
of all experimentation. Rimonabant has been extensively
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studied for its application as an anti-obesity drug, but its thera-
peutic application is still complicated by CNS side effects. Con-
sequently, new molecules endowed with CB1-selective antagonist
activity and devoid of side effects still represent an unmet need in
medicinal chemistry.

Hemopressin, a bioactive nonapeptide derived from the R1
chain of hemoglobin, was recently found to be endowed with
significant CB1 receptor-selective antagonist activity (1). Hemo-
pressin (PVNFKFLSH) (30) was previously isolated from rat
brain homogenates and is known to cause hypotension in
anesthetized rats. Using an ELISA test with anti-CB1 receptor
antibodies, Heimann et al. showed that hemopressin significantly
attenuates the agonist-induced increase in the level of antibody
recognition, and the extent of this decrease is the same as that of
SR141716 (rimonabant); moreover, hemopressin was proven to
displace [3H]SR141716 binding with an affinity in the subnano-
molar range (EC50 = 0.35 nM). In experiments with different
G-protein-coupled receptors, hemopressin proved to be a selec-
tive antagonist because it efficiently blocked signaling by CB1

receptors, but not by other members of the G-protein-coupled
receptor family (including the closely related CB2 receptors).
Additionally, hemopressin acted as a CB1 receptor inverse
agonist, as it was able to block the constitutive activity of these
receptors to the same extent as the well-characterized antagonist
rimonabant (1). Data for C-terminally truncated hemopressin
fragments have shown that intact hemopressin is not essential for
the expression of full antinociceptive activity; indeed, hemo-
pressin(1-6) PVNFKF and hemopressin(1-7) PVNFKFL
were as effective as hemopressin in exerting antihyperalgesic
effects. However, shorter fragments (PVNFK and PVNF) were
inactive (31).

UsingCDandNMRspectroscopy, thiswork aims to determine
the conformational analysis of hemopressin and its truncated,
biologically active fragment hemopressin(1-6). The binding
modes of both hemopressin and hemopressin(1-6) were inves-
tigated by molecular docking calculations.

Peptides are limited in their therapeutic use because of their
chemical instability in vivo and, consequently, their unfavorable
pharmacokinetic profiles. For this reason, conventional medic-
inal chemistry research strategies generally use biologically
relevant forms to produce nonpeptide compounds for therapeu-
tic use. To be consistent with this approach, the conformational
study of hemopressin, following the identification and the
examination ofmany nonpeptide CB1 ligands,may be considered
a nonconventional medicinal chemistry research strategy. How-
ever, hemopressin, in view of its peptide nature, carries a multi-
plicity of chemical moieties that could potentially inspire new
ideas for better defining and extending the actual CB1 antagonist
pharmacophore model.

Our CD and NMR conformational data indicate that regular
turn structures in the central portion of hemopressin and
hemopressin(1-6) are critical for an effective interaction with
the receptor. The results of molecular docking calculations,
indicating similarities and differences in comparison to the most
accepted CB1 pharmacophore model, suggest the possibility of
new chemical scaffolds for the design of new CB1 antagonist lead
compounds.

EXPERIMENTAL PROCEDURES

Solid Phase Peptide Synthesis and Purification. Hemo-
pressin (PVNFKFLSH) and hemopressin(1-6) were synthesized
according to published methods using standard solid phase

synthesis techniques. Protected amino acids and chemicals were
purchased from Fluka (Sigma Aldrich). NR-Fmoc derivatives of
amino acids were used in the coupling reactions. All lateral amino
acid protections were TFA labile. Wang resin (0.6-1.0 mmol/g,
0.2 g) was treated with NR-Fmoc amino acid derivatives (4-fold
excess), which were sequentially coupled to the growing peptide
chain using HATU (4-fold excess) in DMF and DIPEA (8-fold
excess). The coupling reaction time was 2 h. After deprotection
of the last NR-Fmoc group, the peptide resin was washed with
methanol and dried in vacuo to yield the protected peptide-
Wang resin complex. The protected peptide was cleaved from the
resin by treatment with a TFA/H2O/phenol/ethanedithiol/thioa-
nisolemixture (reagent K) (82.5:5:5:2.5:5, v/v) at a ratio of 10mL
to 0.5 g of resin at room temperature for 3 h.After filtration of the
exhausted resin, the solvent was concentrated in vacuo and the
residue was triturated with ether.

The crude peptide was purified by preparative RP-HPLC
using a Jupiter [Phenomenex, Anzola Emeilia (BO), Italy] C18
column (25 cm� 4.6 cm, 5 μm, 300 Å pore size). The columnwas
perfused at a flow rate of 1.5 mL/min with a mobile phase con-
taining solvent A (0.1% TFA in water). A linear gradient from
30 to 45% solvent B (acetonitrile in 0.1% TFA) for 15 min was
adopted for peptide elution. The pure fraction was collected to
yield a white powder after lyophilization. The molecular weight
of the compound was determined by mass spectral analysis.
Mass Spectral Analysis. Peptide fragments were character-

ized using a Finnigan LCQ-Deca ion trap instrument equipped
with an electrospray source (LCQDeca Finnigan, San Jose, CA).
The samples were directly infused into the ESI source using a
syringe pump set at a flow rate of 5 μL/min. Data were analyzed
with Xcalibur.
Sample Preparation for CD and NMR Analysis. To

conduct CD and NMR experiments in a water solution, we
added hemopressin and hemopressin(1-6) to an aqueous
solution (pH 5.4, 25 mM phosphate buffer). This yielded final
concentrations of 0.15 mM (CD experiments) and 1.5 mM
(NMR experiments). For NMR samples, a H2O/D2O mixture
(90:10, v/v) was used.

The samples for CD and NMR experiments in mixed micelles
of DPC and SDS (90:10 molar ratio) were prepared by dissolving
hemopressin and hemopressin(1-6) (0.15 mM for CD experi-
ments and 1.5 mM for NMR experiments) in a DPC/SDS water
mixture. The DPC concentration used was 27 mM (27 times
higher than the DPC critical micelle concentration) (32), and the
molarDPC:SDS ratiowas 90:10 (27mM:3mM) to reproduce the
partial (2-3%) negative charge present in the typical membrane
of eukaryotic cells (33). The final pH was adjusted to 5.4 using
20 mM phosphate buffer. For NMR experiments, SDS-d25 and
DPC-d38 were used.
CD Analysis. All CD spectra were recorded using a JASCO

J810 spectropolarimeter at room temperature with a cell path
length of 1 mm. CD spectra were recorded at 25 �C using a
measurement range from 260 to 190 nm, a 1 nm bandwidth, four
accumulations, and a 10 nm/min scanning speed. Spectra were
corrected for solvent contribution.

For an estimation of secondary structure content, CD spectra
were analyzed using the SELCONN algorithm from the DI-
CHROWEB website (34, 35).
NMRAnalysis.NMR spectra were recorded using a Bruker

DRX-600 spectrometer at 300 K. 1D NMR spectra were re-
corded in the Fourier modewith quadrature detection. The water
signal was suppressed by low-power selective irradiation in the
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homogated mode. DQF-COSY, TOCSY, and NOESY (36-38)
experiments were conducted in the phase-sensitive mode using
quadrature detection inω1 via time-proportional phase increases
of the initial pulse. Data block sizes were 2048 addresses in t2
and 512 equidistant t1 values. Prior to Fourier transformation,
the time domain data matrices were multiplied by shifted sin2

functions in both dimensions. A mixing time of 70 ms was used
for the TOCSY experiments. NOESY experiments were con-
ductedwithmixing times in the range of 100-300ms. Qualitative
and quantitative analyses ofDQF-COSY, TOCSY, andNOESY
spectra were achieved using SPARKY (39). To quantitatively
estimate NOESY data, NOE buildup curves were produced
(see the Supporting Information). Accordingly, the 300 ms
NOESY spectra were chosen for the quantitative analysis.
NMR Structure Calculations. Peak volumes were trans-

lated into upper distance bounds with the CALIBA routine from
the DYANA software package (40). The requisite pseudoatom
corrections were applied for nonstereospecifically assigned pro-
tons at prochiral centers and for the methyl group. After
redundant and duplicated constraints had been discarded, the
final list of experimental constraints was used to generate an
ensemble of 100 structures by the standard DYANA protocol of
simulated annealing in torsion angle space implemented (using
6000 steps). No dihedral angle or hydrogen bond restraints were
applied. The best 20 structures that had low target function
values (0.83-1.19) and small residual violations (maximum
violation of 0.38 Å) were refined by in vacuo minimization
in the AMBER 1991 force field using the SANDER program
of the AMBER 5.0 suite (41, 42). To mimic the effect of solvent
screening, all net charges were reduced to 20% of their real
values. Moreover, a distance-dependent dielectric constant
(ε= r) was used. The cutoff for nonbonded interactions was
12 Å. NMR-derived upper bounds were imposed as semipara-
bolic penalty functions, with force constants of 16 kcal mol-1

Å-2. The function was shifted to be linear when the violation
exceeded 0.5 Å. The best 10 structures after minimization had
AMBER energies ranging from -441.4 to -391.1 kcal/mol.
Final structures were analyzed using Insight 98.0 (Molecular
Simulations, San Diego, CA).
Homology Modeling of the CB1 Receptor in Its Inactive

State. The sequential alignment of rhodopsin and the cannabi-
noid receptor CB1 was performed using the sequence alignment
program CLUSTALW (43) followed by a manual adjustment
according to Salo et al. (44). From the best alignment, three-
dimensional (3D) models containing all non-hydrogen atoms
were obtained automatically using the method implemented in
MODELER (45-47). On the basis of the sequence alignments,
MODELER extracts a large number of spatial restraints from
the template structures and builds a molecular model of the
query protein. The restraints are generally obtained by assum-
ing that the corresponding distances and angles between
aligned residues in the template and the target structures are
similar. To generate the inactive state model, CB1 receptor
Lys192-Asp366 and Arg214-Asp338 salt bridges were added
as restraints (48, 49).

A 3Dmodel was obtained by optimization of molecular PDF.
Of the 30 models generated with MODELER, the one corre-
sponding to the lowest value of the PDF and fewest restraints
violations was used for further analysis.

The SVRs were built as loops with the standard procedure
in MODELER and afterward were refined; 20-loop models
were generated for each 3D model obtained. Final models were

minimized using the steepest descent and conjugate gradient
methods (50) (as implemented in Macromodel version 8.1,
Schr€odinger, Inc., Portland, OR). All atom force field and
Kollman charges were designed to avoid possible unfavored
contacts. After refinement, the stereochemical quality of the
resulting protein structure was tested with PROCHECK (51).
Docking Studies. AutoDock Vina version 1.0 (52) and

AutoDock version 4.2 (53) in combination with the LGA were
used for all docking calculations.

The starting conformations for docking studies of hemopressin
and hemopressin(1-6) were obtained by our NMR studies (see
Experimental Procedures); rimonabant coordinates were down-
loaded from the 3DCHEM website (http://www.3dchem.com/
molecules.asp?ID=348#).

For both docked ligands, only side chain bonds were treated
as active torsional bonds, limiting the conformational space using
NOE constraints. Lys192, Trp255, Tyr275, and Asp366, known
to be crucial at the binding site (48, 49), were treated as flexible to
emphasize the dynamic properties of the binding site. To rapidly
confirm the potential binding mode and the correct accommoda-
tion of the ligands in the binding site, preliminary docking studies
were conducted using AutoDock Vina version 1.0 (data not
shown) using an energy range of 10 and an exhaustiveness param-
eter of 8. For all docking calculations, a grid box size of 22� 18�
28 points (spacing between the grid points of 1 Å) was used,
centered on the center of the target-binding site.

For an exhaustive exploration of conformational space, Auto-
Dock version 4.2 was used; 20 docking calculations consisting of
256 runs were performed, yielding 5120 structures. An initial
population of 450 randomly placed individuals, a maximum
number of 5 � 106 energy evaluations, and a maximum number
of 4 � 106 generations were taken into account. The mutation
and crossover rates used were 0.02 and 0.80, respectively. The
local search probability was 0.26. For all docking calculations, a
grid box size of 64 � 47 � 90 points (spacing between the grids
points of 0.402 Å) was used, centered on the center of the target-
binding site.

Docking calculations was performed with recompiled Auto-
Dock version 4.2 and obtained by editing and recompiling
the source code to overcome the standard binary limitations as
the maximum number of torsionals. The resulting data, differing
by less than 3.5 Å in positional rmsd, were clustered together
and represented by the result with the most favorable free energy
of binding. All 3D models were depicted using Python and
Mgl Tools 1.5.4 and the VMD molecular visualization program
(54, 55). Molecular surfaces were rendered using the maximal
speed molecular surface (56).

RESULTS

CD Spectroscopy. The conformational preferences of he-
mopressin and hemopressin(1-6) were preliminarily screened by
CD spectroscopy. Figure 1 shows the CD spectra of hemopressin
and hemopressin(1-6) recorded in water and in 90:10 (molar
ratio) DPC/SDS mixtures. The CD spectrum recorded in aque-
ous solution at pH 5.4 indicates the prevalence of disordered
structures in this medium. The CD spectra of both hemopressin
and hemopressin(1-6) acquired in DPC/SDS mixed micelles
showed a negative ellipticity value at 218 nm. The quantitative
evaluation of the CD curves mentioned above, which was
performed using the DICHROWEB (34, 35) interactive
website (SELCONN algorithm), indicated that hemopressin
and hemopressin(1-6) in a water solution assume random coil
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conformations with minimal amounts of turn and strand struc-
tures. InmixedDPC/SDSmicelles, hemopressin andhemopressin-
(1-6) prevalently assume R-helical and β-turn, with small
amounts of random coil conformations. In particular, hemo-
pressin is present as 27% helical, 40% β-turn, 13% β-strand,
and 20% random coil conformations, whereas hemopressin-
(1-6) assumes 60% helical, 30% β-turn, and 10% random coil
conformations.
NMR Spectroscopy. (i) Chemical Shift Analysis.

An entire set of 1D and 2D proton spectra of hemopressin and
hemopressin(1-6) were recorded in water and in DPC/SDS
(90:10 molar ratio) mixed micelles. To determine the absence
of self-aggregation, spectra were recorded in the peptide
concentration range of 0.5-15 mM. No significant changes
were observed in the distribution and shape of 1H resonances,
indicating that no aggregation phenomena occurred in this con-
centration range.

COSY (36, 57), TOCSY (37), and NOESY (38) 2D spectra
were recorded, and complete assignments of the proton spectra of
hemopressin and hemopressin(1-6) both in water and in micelle
solutions (see the Supporting Information) were achieved by the
standard W€uthrich procedure (58). Analysis of 2D spectra was
performed using SPARKY (39). Few andweakNOE effects were
observed in the NOESY spectra recorded in water solutions,
confirming the CD data that showed that both hemopressin and
its shorter analogue are disordered in water solutions.

It is well-known that the values of CHR proton chemical shifts
are diagnostic of specific secondary structures. According to
the CSI (59), groups of four (not necessarily consecutive) CHR
atoms showing <0.1 ppm upfield shifted values, as compared to
random coil values, are diagnostic of turn-helix conformations.
Regions characterized by nonconsecutive CHR values that are
close or low-field shifted compared to the CHR random coil

values are diagnostic of coil conformations (59). CHR proton
chemical shift differences of hemopressin and hemopressin(1-6)
in water indicate values close to those reported for random coil
peptides (58), thus confirming the presence of both the peptides in
random coil conformations. In contrast, the negative CHR
chemical shift differences for hemopressin and hemopressin(1-6)
in DPC/SDS micelles (90:10 molar ratio), particularly in the
Phe4-Leu7 segment, indicated the preponderance in this seg-
ment of turn-helix conformations (data not shown).

(ii) NMR Structure Calculation. Figure 2 summarizes the
NOE connectivities observed in the NOESY spectra of hemopres-
sin and hemopressin(1-6) in DPC/SDS mixed micelles. Hemo-
pressin exhibited a regular patternofNOEconnectivities, consisting
of sequential NH-NH(i,iþ1), CHR-NH(i,iþ3), and CHR-NH-
(i,iþ2) effects along the full sequence. On the other hand, the
hemopressin(1-6) NOE pattern was characterized by regular
NH-NH(i,iþ1) effects in the Asn3-Ser8 segment, CHR-NH-
(i,iþ2) correlations involving residues Val2-Phe4 and Phe4-Phe6,
and NH-NH(i,iþ2) effects involving residues Asn3-Lys5.

The structural calculations of hemopressin and hemopressin-
(1-6) in DPC/SDS mixed micelles were performed using DYA-
NA based on NOE data. These data were transformed into
interprotonic distances and imposed as restraints in the calcula-
tion. Among 50 calculated structures, the resulting best 20 were
selected according to the lowest values of their target functions.
These structures were subjected to further minimization proce-
dureswith the SANDERmodule ofAMBERversion 5.0 (41, 42),
using DYANA-derived restraints.

Figure 3 shows NMR structure bundles of hemopressin and
hemopressin(1-6) in DPC/SDS micelles. Statistical information
for the structural ensemble of hemopressin and hemopressin(1-6)
in DPC/SDS micelles is reported in the Supporting Information.
Analysis of hemopressin structure bundles according to the
PROMOTIF procedure (60) usingKabsh and Sanders parameters
points to the presence of regular type I β-turn structures for
residues Phe4-Leu7, Lys5-Ser8, and Phe6-His9. Hydrogen
bonds between CdO (Phe4) and HN (Leu7) as well as between
CdO (Phe6) and HN (His9) stabilize the β-turn structures. Anal-
ysis of hemopressin(1-6) structure bundles following the proce-
dure reported for hemopressin indicates that this shorter fragment
assumes γ-turn structures centered on residues Phe4-Phe6.
Homology Modeling Results. The homology modeling

process consists of several alignment steps essential for producing
the correct sequence alignment of a template sequence [PDB
entry 1GZM (61)] with the homologous sequence of the target
protein.

FIGURE 1: CD spectra of hemopressin (A) and hemopressin(1-6)
(B) recorded in water and in DPC/SDSmixtures (90:10 molar ratio).

FIGURE 2: NOE connectivities collected in the NOESY spectra of
hemopressin (A) and hemopressin(1-6) (B) in DPC/SDS (90:10
molar ratio) micelle solutions.
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The CB1 receptor is 21% identical with visual rhodopsin [PDB
entry 1GZM (61)]. On the basis of previously performed align-
ment studies (44, 62), we built a molecular model of the CB1

receptor using MODELER (45-47). According to the MODE-
LER procedure, the model was calculated using spatial restraints
derived from the template structures and selected by assuming
that distances and angles of aligned residues were similar. The E2
loop was not considered to focus solely on the cannabinoid
binding site within the helix bundle.

To generate the inactive state receptor model, salt bridges
involving Lys192-Asp366 (48) and Arg214-Asp338 were im-
posed as restraints (49). To evaluate the quality of the final
model (63), the presence of these salt bridges, the gaucheþ χ1
configuration of TRP356, and the aromatic cluster including
Trp356, Phe200, and Tyr275 (49) was verified (Figure 4).

The stereochemical quality of the CB1 model was assessed
using PROCHECK (51). The final results (see Figure 5) showed
94.8% of residues in the most favored regions, 4% in additional
allowed regions, 0.4% in generously allowed regions, and 0.8%
in disallowed regions; the residues in disallowed regions were not
located in the binding pocket. The stereochemical analysis did
not consider the N-terminal residues 1-110, C-terminal residues
421-472, and the E2 loop.
Molecular Docking Results. To study the binding mode

of hemopressin and hemopressin(1-6) at the CB1 receptor-
binding site, molecular docking studies with selective receptor
flexibility were performed. The molecular docking of rimona-
bant was conducted to have an internal CB1 binding mode
reference. Rimonabant and several other analogues have been
shown to act as inverse agonists on a constitutively active CB1

receptor (64-66). Structural andbiochemical studies (48,61,62)
have shown key interactions between rimonabant and its
analogues at the CB1 binding site.

Table 1A summarizes the most significant interactions occur-
ring between rimonabant and the CB1 binding site resulting from

our molecular docking calculations. Analysis of the data shows
that these interactions are consistent with those reported in the
quoted studies (48, 49, 64-66). In particular, the carboxamide
oxygen of rimonabant formed hydrogen bonds with Lys192 Nζ
(Figure 6) and Asp366 CdO. This hydrogen bond exerts a
stabilizing effect on the Lys192-Asp366 salt bridge of the
intracellular end of transmembrane helices 3 and 6. The existence
of this specific salt bridge was induced by a pronounced kink at
the level of Pro358 in transmembrane helix 6; this kink is present
in the inactive R state of the receptor but absent in the active R*
state that is stabilized by receptor agonist binding (64). The 2,4-
dichlorophenyl and 4-chlorophenyl rings of rimonabant produce
aromatic stacking interactions with Trp279/Phe200/Tyr275 and
Trp356 (48, 49). The lipophilic piperidinylmoietywas involved in
hydrophobic interactions withVal196,Met363,Met384, Leu387,
and Phe379 (Figure 6).

Molecular docking calculations of hemopressin at the CB1

binding site were conducted starting from the low-energy hemo-
pressin NMR structure. Table 1B summarizes the most signifi-
cant interactions involving hemopressin with the CB1 bind-
ing pocket. The binding of hemopressin at the CB1 binding site
was stabilized by essential hydrogen bonds between Asn3 CdO
(hemopressin) and Lys192 Nζ (CB1 receptor) and between Lys5
Nζ (hemopressin) and Asp366 CdO (CB1 receptor) (Figure 7).
The phenyl rings of residues Phe4 and Phe6 of hemopressin were
involved in hydrophobic interactions with CB1 receptor re-
sidues Phe189, Trp255, and Leu190, and Phe368, andMet363,
respectively. Pro1 and Val2 hemopressin N-terminal residues
were involved in van der Waals hydrophobic interactions with
Phe180, His181, and Ile375. Ser8 and His9 hemopressin
C-terminal residues interacted with residues neighboring those
of the binding site.

Table 1C summarizes intermolecular hydrogen bonds and
hydrophobic contacts between hemopressin(1-6) and the CB1

receptor. In a way analogous to that of hemopressin, interaction
of hemopressin(1-6) at the binding site was stabilized by hydro-
gen bonds between Asn3 CdO [hemopressin(1-6)-Lys192 Nζ
(CB1 receptor)] and Lys5 Nζ [hemopressin(1-6)-Asp366 CdO
(CB1 receptor)] (Figure 8). The phenyl rings of Phe4 and Phe6
were involved in hydrophobic contacts with Leu193 and Phe189,
and Phe368, Val367, and Gly369, respectively. Pro1 and Val2 of
hemopressin(1-6) participated in the binding thorough van der
Waals interactions with Phe177, Phe180, His181, and Arg182.

DISCUSSION

A great deal of experimentation has attempted to identify an
optimal CB1 ligand to be employed in therapy for drug addiction
and obesity control. Several compounds have been extensively
investigated as promising candidates for therapeutic applica-
tions, butmany of themare not suitable for clinical use because of
toxicity and related side effects. Accordingly, there is an unmet
need for new CB1 ligands to be used as new lead compounds for
the CB1 receptor. In this work, we have reported an extensive
structural study of hemopressin and its shorter active fragment,
hemopressin(1-6). The identification of the conformational
features of hemopressin and hemopressin(1-6) and the discovery
of their binding modes at the CB1 binding site may help in the
identification of new CB1 antagonist lead compounds to be
developed for therapeutic employment.

We studied the structural features of hemopressin in a
membrane-mimicking environment composed of an SDS micelle
solution. For peptides acting as ligands of membrane receptors,

FIGURE 3: NMR structure bundles of hemopressin (sky blue, A) and
hemopressin(1-6) (red, B) inDPC/SDSmicelles (90:10molar ratio).
(C) Superimposition of representativeNMR structures of hemopres-
sin (sky blue) and hemopressin(1-6) (red).
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the use of a membrane mimetic medium such as SDS or DPC is
suggested, leading to the hypothesis of membrane-assisted mech-
anisms of interactions between peptides and their receptors.
According to this model, the membrane surface plays a key
role in facilitating the transition of the peptide from a random
coil conformation adopted in the extracellular environment to
a conformation that is recognized by the receptor. The increase in
the local concentration of the peptide and the reduction of the

degree of rotational and translational freedom of the neuropep-
tide are membrane-mediated events acting as determinant steps
for the conformational transition of the peptide (67-71).

CDandNMRdata revealed the tendency of both fragments to
assume ordered secondary structures in the micelle solution. In
particular, hemopressin is characterized by regular β-turn struc-
tures in the Asn3-His9 segment, whereas hemopressin(1-6)
shows a regular β-turn conformation in the Asn3-Phe6 segment.

FIGURE 4: Molecularmodel of the CB1 receptor in the inactive state as predicted by homologymodeling. The protein backbone is shown as a sky
blue ribbon and tube. The critical residues that characterize the CB1 inactive state are shown as sticks and colored by atom type. On the right,
residues crucial to stabilization of the receptor three-dimensional structure are shown.

FIGURE 5: (A) Binding conformation of rimonabant in the CB1

receptor.Rimonabant is coloredbyatomtype.Theproteinmolecular
surface is colored gray. (B) Ribbon representation of the CB1

receptor. The amino acid residues involved in the binding with
rimonabant are shown as sticks and colored by atom type.

Table 1: H-Bond Interactions Involving the CB1 Receptor and CB1

Antagonists Rimonabant, Hemopressin, and Hemopressin(1-6)

ligand protein length (Å)

acceptor-H-donor

angle (deg)

(A) Rimonabant

carboxamide oxygen Lys192 Nζ 2.82 145

carboxamide hydrogen Asp366 CO 3.40 163

pyrazole nitrogen Tyr275 OH 2.81 148

(B) Hemopressin

Asn3 CO Lys192 Nζ 2.80 134.8

Lys5 Nζ Asp366 CO 2.90 129

Lys5 CO Asp272 NH 2.86 136.8

(C) Hemopressin(1-6)

Asn3 CO Lys192 Nζ 2.83 126.85

Lys5 Nζ Asp366 CO 2.65 123.68
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Therefore, in both peptides, regular turn structures are present in
the Asn3-Phe6 segment, with good overlapping of the aromatic
Phe rings (rmsd = 0.1) (Figure 3C). The structural regularity
of the Asn3-Phe6 segment as a common structural feature
of hemopressin and hemopressin(1-6) suggests the possibility
that this segment may include chemical moieties essential for
interaction with the receptor.

Conformational data indicated that, excluding the Asn3-
Phe6 segment, the structural regularity of the N- and C-terminal
portions does not correlate with biological activity. In fact,
hemopressin C-terminal residues Leu7-His9, which do not
appear to be essential for biological activity (31), assumed regular
β-turn structures, whereas Pro1 and Val2, which proved to be
important for CB1 antagonist activity, preferentially assume
flexible conformations.

To investigate the binding mode of hemopressin and hemo-
pressin(1-6) at the CB1 binding site, we performed molecular
docking calculations of both peptides with the CB1 receptor,
starting from their low-energy NMR structures. A general over-
view of hemopressin and hemopressin(1-6) binding poses shows
that hemopressin(1-6), characterized by a smallermolecular sur-
face compared to that of hemopressin, has the ideal dimensions
to fit the CB1 binding pocket. Because of their larger molecular
size, the C-terminal residues of hemopressin are confined in a
region external to the binding site.

Energy values and binding and docking constants show that
the binding of hemopressin and hemopressin(1-6) at the CB1

receptor was significantly stabilized by H-bonds involving resi-
dues Asn3 andLys5 with Lys192 andAsp366, respectively, of the
CB1 receptor. Moreover, hemopressin and hemopressin(1-6)
interacted with the CB1 binding site through hydrophobic
interaction involving Phe4 and Phe6 aromatic residues as well
as Pro1 and Val2 N-terminal residues. In particular, for both
peptides, Phe4 was involved in van der Waals contacts with
Phe89, Ser185, Arg182, and Trp255 of the CB1 receptor; Phe6
was involved in van der Waals contacts with Gly369, Asp272,
Phe368, and Lys370 of the CB1 receptor. In hemopressin and
hemopressin(1-6), Pro1 interacted with Phe180, Ile375, Phe177,
and His181 and Val2 interacted with Arg182 and His181.

As previously mentioned, to validate the binding site model,
we performed docking calculations of the well-studied CB1

antagonist rimonabant. Via comparison of the binding modes
of hemopressin peptides with that reported for rimonabant, the
following considerations were suggested.

(i) The hydrogen bond involving Lys192 and Asp366 of the
CB1 binding site is an essential interaction common to hemo-
pressin and rimonabant. This interaction is crucial for the stabi-
lization of the inactive state of the receptor and thus provides a
structural basis to explain the activity of hemopressin peptides as
inverse agonists.

(ii) Hemopressin and hemopressin(1-6) N-terminal residues
interact with a region of the CB1 binding pocket that was also
reached by the rimonabant piperidyl ring (Figure 8). The involve-
ment of hemopressin N-terminal residues in binding with the
receptor provides a structural basis for explaining the biological
data on the importance of N-terminal residues for hemopressin
CB1 antagonist activity.

(iii) Phe rings of hemopressin peptides are located in a different
region within the CB1 binding site as compared to the region
reached by rimonabant aromatic rings. Rimonabant, character-
ized by a significantly smaller molecular size in comparison to

FIGURE 7: Binding conformation of hemopressin(1-6) at the CB1

binding site. Hemopressin(1-6) is colored by atom type. The protein
molecular surface is colored light gray.

FIGURE 6: Binding conformationof hemopressin at theCB1 receptor
binding site. Hemopressin is colored by atom type. The protein
molecular surface is colored light gray.

FIGURE 8: Superimposition of binding poses of hemopressin(1-6)
and rimonabant. The van der Waals volume intersection of rimona-
bant and hemopressin(1-6) binding poses is colored red.
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hemopressin peptides, penetrates a deep cavity within the CB1

binding pocket with its aromatic rings (Figure 5); this region
cannot be accessed by hemopressin and hemopressin(1-6),
whose Phe rings are confined in a more external CB1 binding
site region (Figures 6 and 7).

Taken altogether, our data show that the pharmacophore
present in rimonabant can be only partially recognized in hemo-
pressin peptides. In particular, the carboxamide moiety and
pyrazole ring of rimonabant may correspond to Asn3 and Lys5
of the hemopressin peptides, which are involved in a hydrogen
bond with CB1 receptor residues Lys192 and Asp366. The
piperidyl ring of rimonabant may correspond to the N-terminal
residues of hemopressin (Figure 8).

The dichlorophenyl ring and clorophenyl group of rimona-
bant, which may correspond to the aromatic rings of Phe4 and
Phe6, interact with different regions of the CB1 binding site
because of the different molecular surfaces of the peptides as
compared to rimonabant. Interestingly, biological data show that
in spite of these different interaction sites, the CB1 antagonist
activity of hemopressin is preserved. The comparison between
human and rat hemopressin sequences shows that Phe6 in human
hemopressin is replacedwith a Leu residue; an increasing amount
of biological data indicates that human hemopressin is as bio-
logically active as rat hemopressin (72). As a result, the role
of the aromatic rings in the CB1 pharmacophore model and the
significance of the region contacted by aromatic rings within the
receptor are questioned. Accordingly, a revision of the CB1

pharmacophore model may be necessary, with particular atten-
tion to the region within the CB1 binding pocket explored by
hemopressin Phe rings. We are hopeful this revisiting of the
pharmacophore model will facilitate the identification of novel
CB1 receptor antagonists that lack the psychoactive side effects of
conventional cannabinoid-derived compounds and are poten-
tially useful for the treatment of disorders involving the ECS.

SUPPORTING INFORMATION AVAILABLE

NMR data, including proton chemical shifts, NOE buildup
curves,NMRstructural statistics,NOESYspectra,Ramachandran
plots, and ligand-receptor short distances. This material is
available free of charge via the Internet at http://pubs.acs.org.
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