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Abstract
Delta-opioid (DOP) receptors are members of the G protein-coupled receptor (GPCR) sub-family
of opioid receptors, and are evolutionarily related, with homology exceeding 70%, to cognate mu-
opioid (MOP), kappa-opioid (KOP), and nociceptin opioid (NOP) receptors. DOP receptors are
considered attractive drug targets for pain management because agonists at these receptors are
reported to exhibit strong antinociceptive activity with relatively few side effects. Among the most
potent analgesics targeting the DOP receptor are the linear and cyclic enkephalin analogs known
as DADLE (Tyr-D-Ala-GlyPhe-D-Leu) and DPDPE (Tyr-D-Pen-Gly-Phe-D-Pen), respectively.
Several computational and experimental studies have been carried out over the years to
characterize the conformational profile of these penta-peptides with the ultimate goal of designing
potent peptidomimetic agonists for the DOP receptor. The computational studies published to
date, however, have investigated only a limited range of timescales and used over-simplified
representations of the solvent environment. We provide here a thorough exploration of the
conformational space of DADLE and DPDPE in an explicit solvent, using microsecond-scale
molecular dynamics and bias-exchange metadynamics simulations. Free-energy profiles derived
from these simulations point to a small number of DADLE and DPDPE conformational minima in
solution, which are separated by relatively small energy barriers. Candidate bioactive forms of
these peptides are selected from identified common spatial arrangements of key pharmacophoric
points within all sampled conformations.

INTRODUCTION
Opioid receptors continue to be prominent targets for pain relief and intravenous anesthesia.
Analgesia mediated by the delta-opioid (DOP) receptor is usually not accompanied by
unwanted effects (e.g., physical dependence), rendering selective agonists of this receptor
more advantageous over agonists that preferentially bind mu- or kappa-opioid receptors
(MOP and KOP receptors, respectively).1

DOP receptor exhibits high affinity for two endogenous penta-peptides that are involved in
regulating nociception in the body,2 specifically: methionine-enkephalin (Tyr-Gly-Gly-Phe-
Met) and leucine-enkephalin (Tyr-Gly-Gly-Phe-Leu). Several substitutions, deletions, or
additions of artificial amino acids, as well as cyclization, have been introduced to reduce
their natural flexibility and improve their selectivity for the DOP receptor3–6. Among the
several constrained enkephalin analogs that have been synthesized over the years are the
linear peptide DADLE (Tyr1-D-Ala2-Gly3-Phe4-D-Leu5) and the cyclic peptide DPDPE
(Tyr1-D-Pen2-Gly3-Phe4-D-Pen5), the latter featuring a disulfide bridge between the side-
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chains of the two non-natural D-Pen amino acids (i.e., D-penicillamine or D-β,β-
dimethylcysteine) at positions 2 and 5.

While DADLE showed only moderate selectivity for the DOP receptor compared to the
MOP receptor, DPDPE was found to be highly-selective for the DOP receptor.7–9 Notably,
the anti-nociceptive effect of DPDPE in vivo has recently been shown to be differentially
modulated by KOP receptor antagonists, implying possible allosteric interactions between
the DOP and KOP receptors.10

Both DADLE and DPDPE have been extensively studied by means of NMR and X-ray
crystallography in different environments (e.g., see 5,6,11–13). The crystal structure of
DADLE revealed a single-bend folded conformation but instead of exhibiting the typical
(type ′) β-bend characterized by the two intramolecular hydrogen bonds Ni+3–H· · · ·Oi and
Ni–H· · · ·Oi+3, the latter was replaced by a hydrogen bonded bridge linking N1 and N5
through a Cl− ion. Three independent molecules were present in the asymmetric unit of the
DPDPE crystal structure.14 These molecules shared a similar conformation of the 14-
membered ring and the Phe4 side chain, and differed exclusively in the orientation of the
Tyr1 side chain.

Along with experimental efforts to elucidate the structural features of these penta-peptides,
several computational approaches have been employed to explore their conformational
space. However, these approaches have been mostly applied to the cyclic DPDPE,15–20

using simplified solvent environments and relatively short timescales. Moreover, no study
has yet provided free-energy profiles for these penta-peptides, or information about the
relative stability of all sampled conformational minima. Here, we report estimates of the
thermodynamic stability of both DPDPE and DADLE derived from microsecond-scale all-
atom molecular dynamics (MD) simulations in an explicit water environment using either
standard methods or an enhanced, bias exchange-metadynamics sampling algorithm.
Putative bioactive conformations shared by these two potent DOP receptor agonists are
inferred based on a comparison between spatial arrangements of key pharmacophoric points
in all sampled conformations.

COMPUTATIONAL METHODS
System Setup and Standard MD Simulations

Initial conformations of both the linear (DADLE) and cyclic (DPDPE) penta-peptides were
built using the Schrödinger molecular modeling environment Maestro, version 9.1.21

Natural amino acids were described using the Charmm27 force-field22 with the CMAP
correction,23 while D-penicillamine residues were parameterized based on similarity with
the Leu and Cys residues in the same force-field. For the D-amino acids of DADLE, the
backbone dihedral angles were inverted upon application of the CMAP correction, which is
parameterized for L-amino acids.

DADLE and DPDPE were placed with periodic boundary conditions in cubic simulation
boxes with diagonals of 86 Å or 64 Å, and containing ~4,000 and ~1,200 TIP3P water
molecules, respectively. Van der Waals interactions farther than 10 Å were cut off using a
switching function, while electrostatic interactions were described by the Particle Mesh
Ewald algorithm. Non-bonded interactions were calculated based on a neighbor list updated
every 10 fs. All bond lengths were maintained with the LINCS strategy, and a Verlet
integrator was used with a timestep of 2 fs. Temperature and pressure of the system were
kept at 300 K and 1 atm with V-rescale and Parrinello-Rahman algorithms, respectively.
After solvation, the full systems were minimized for 1000 cycles using the steepest descent
algorithm, and equilibrated for 5 ns of MD simulations prior to standard MD production
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runs of 1.0 μs for DADLE and 2.0 μs DPDPE. All calculations were carried out with the
Gromacs 4.5.3 code,24 enhanced with the Plumed routines.25

Bias-Exchange Metadynamics Simulations
Bias-exchange metadynamics simulations were set up using a total of 5 replicas for each
peptide. According to the strategy described in 26, one replica (the neutral replica) evolved
under the regular unbiased force-field, whereas each of the other four replicas were biased
using two collective variables that represented the values of the backbone dihedrals (ϕ and
ψ). Gaussian bias contributions with widths sϕ=sψ=0.2 radians were added within the
framework of well-tempered metadynamics27 with an initial rate of 0.83 kJ/(mol ps).
Exchanges between replicas were attempted every 20 ps, and accepted using a modified
Metropolis criterion. Each replica was simulated for 150 ns.

Free-Energy Reconstruction
Since the peptides’ 8 backbone dihedrals (ϕ and ψ) sampled during simulation naturally
span a complex phase space, a meaningful interpretation of the conformational free-energy
requires some form of dimensional reduction. To this end, we randomly extracted NL=1000
conformations from the neutral replica trajectory in the bias-exchange simulations and used
them as landmarks to produce a multidimensional scaling (MDS) embedding of the
trajectories in two dimensions.28 The MDS projection of the landmarks was calculated
based on the heavy-atoms root mean square deviation (RMSD) pairwise dissimilarity
matrix. To produce the embedding, the RMSD of each point in the standard MD from each
landmark in the bias-exchange neutral replica trajectory were calculated and used to obtain
low-dimensional projections. Two-dimensional free-energy profiles as a function of the two
most representative components of the embedding, MDS1 and MDS2, were derived from the
distribution probability p(MDS1,MDS2) and the Boltzmann relation G = −kBT ln
p(MDS1,MDS2), where kB is the Boltzmann constant and T the temperature of the
simulation.

Pharmacophore Choice and Analysis
According to classical DOP receptor pharmacophore models (e.g., see the Loew29 and
LMC30 pharmacophores), recently supported by four different opioid receptor crystal
structures,31–34 at least three functional groups play a significant role in opioid ligand
recognition. These have traditionally been described by three pharmacophoric points: a
protonated nitrogen (N), the centroid of an aromatic ring (A), and the centroid of a
hydrophobic region (B). In DADLE and DPDPE, these points correspond to: the backbone
nitrogen of Tyr1, the centroid of the aromatic ring of Tyr1, and the centroid of the aromatic
ring of Phe4. The relative positions of these 3 points in all sampled conformers can be
defined by 3 distances (dNA, dNB, and dAB) and 3 angles (αANB, αNAB, and αNBA), i.e., a
total of 6 variables for each peptide. To identify the energy minima containing common
arrangements of these pharmacophoric points among all sampled conformers of DADLE
and DPDPE, we calculated the free-energy of the systems as a function of the full 6-
dimensional variable ω=(dNA, dNB, dAB, αANB, αNAB, αNBA). The trajectories of the neutral
replicas were sub-sampled using one frame every 10 ps for a total of N=1.5×103 frames for
each trajectory, and the values of the 6 variables calculated for each point. The resulting data
were binned into a common 6-dimensional grid spanning the whole region where any of the
two free-energy functions is non-vanishing. A relatively coarse mesh of 60 bins of size δi for
each dimension i=1, 2, …, 6 was used (for a total of 606 ~1011 6-dimensional bins), and
sparse matrix techniques were used to calculate the count of frames n(ω) falling in each bin
and their respective probabilities p(ω)=n(ω)/(NΔ), N being the total number of points in the
trajectory and Δ=δ1×δ2×…×δ6 the volume of each bin. For each peptide, the regions with a
probability above a given cutoff pc, defined the region ΩQ={ω: pQ(ω)>pc}, where Q is either

Scarabelli et al. Page 3

Biopolymers. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DADLE or DPDPE. Thus, the common region Ω=ΩDADLE∩ΩDPDPE contains conformations
of the peptides populated (with probability above pc) by both peptides. Conformations from
Ω were extracted and clustered using the full RMSD as a dissimilarity measure. To
graphically illustrate the region Ω, and following the formulations reported in 20, nine 2-
dimensional projections were calculated for the free-energy FQ(ωα, ωβ) = −kBT ∫Πγ≠αβ dωγ
pQ(ω) and for the region Ωαβ={(ωα, ωβ): ω∈Ω}, where ωα is one of the three distances that
define the pharmacophore and ωβ is one of the three angles.

RESULTS AND DISCUSSION
Conformational Free-Energy of DADLE

The free-energy profile of the linear peptide DADLE in solution, calculated with bias-
exchange metadynamics (see Methods section for technical details), is reported in Figure 1.
As shown in supplementary Figure S1, this free-energy profile is similar to that derived from
an independent microsecond-long standard MD simulation. Three basins (A, B, and C),
comprising five major minima (i.e., within 3 kJ/mol from the most stable minimum) can be
identified on the free-energy surface of Figure 1. Representative structures of these
conformational minima are shown as insets in this figure. Notably, the average RMSD for
all heavy atoms of these representative structures is 0.5 Å from equivalent ones obtained by
standard MD.

Basin A comprises minima A and A′, which are separated by a free-energy difference of
ΔG~2 kJ/mol. This basin is separated by a barrier of ~7 kJ/mol from basin B, which contains
minima B and B′ with free-energy differences from the most stable minimum A of ~2 and
~3 kJ/mol, respectively. Although basin C contains two minima, only one exhibits a free-
energy difference within 3kJ/mol from the most stable minimum A. Values of the torsional
angles of each of the representative structures of DADLE illustrated in Figure 1 are listed in
Table 1. Minima A and A′ exhibit a very similar backbone conformation, which is
characterized by a charge-charge interaction between the C-terminal carboxyl and the N-
terminal amine groups, at variance with the other conformational minima in which the N-
terminal amine group is interacting with the backbone carbonyl oxygen of Phe4 (see
structures B, B′, and C in Figure 1). The only significant difference between minima A and
A′ lies in the rotamer of the Tyr1 side chain (χ1 = −164° in A and χ1 = −58° in A′). While
minima B and B′ exhibit a backbone conformation that is similar to those of A and A′ in the
N-terminal region, their C-terminal region, including the Phe4 backbone dihedrals (ϕ4 ~
−140°/−130° and ψ4 ~ 160°/147° in B/B′ compared to ϕ4 ~ −100°/−97° and ψ4 ~ 2°/−3° in
A/A′), adopt a different conformation. The representative conformation of basin C, which is
within 3 kJ/mol from the most stable minimum A, exhibits a conformation similar to that of
B with the exception of the side chain orientation of Tyr1. Based on these observations, it
appears as if MDS1 gives an indication of possible differences in the Tyr1 rotamer (χ1 is
−164, −165, and 178 for A, B, and B′, respectively, whereas it is −58° and −73° for A′ and
C, respectively), whereas MDS2 can be interpreted as a descriptor of changes in the
backbone conformation and interactions between peptide ends.

Notably, the conformation extracted from the lowest free-energy basin, i.e. minimum A, is
the most similar one to the available X-ray crystal structure35 of DADLE, with a heavy
atoms RMSD of 1.2 Å. Comparison between the dihedrals of minimum A and the DADLE
X-ray crystal structure35 listed in Table 1 suggests that the only source of significant
deviation between these two conformations stems from the different orientation of the side
chains of Phe4 and D-Leu5.
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Conformational Free-Energy of DPDPE
The free energy profile of DPDPE from bias-exchange metadynamics is reported in Figure
2. At variance with the case of the linear peptide, the region of the conformational space
explored by the biased simulation was significantly broader than the region accessed by
standard MD in 1 μs. Thus, we run standard MD for an additional 1 μs, and obtained the
free-energy surface that we report in Figure S2 along with superimposed contour lines of the
free energy obtained by bias exchange metadynamics. Although the two free-energy
surfaces compare reasonably well in the lowest energy region, not surprisingly, regions of
high free-energy (in particular the region with MDS2 above ~0.1) are only explored by the
enhanced bias-exchange metadynamics approach.

The bias-exchange free energy surface of Figure 2 reveals one large energy basin with two
main minima (i.e., within ~ 2 kJ/mol from the lowest energy minimum), which are labeled A
and A′ in Figure 2, and are separated by an energy barrier of ~ 4 kJ/mol. Representative
conformations of these two minima are illustrated as insets in Figure 2. As evident from
analysis of their dihedral angles listed in Table 2, these two conformational minima differ
chiefly in the disulfide bridge dihedral angles. Specifically, the disulfide dihedral angle
defined by atoms Cβ-S-S-Cβ of D-Pen2 and D-Pen5, as well as the dihedrals χ1 and χ2 of
both D-Pen2 and D-Pen5 defined by atoms N-Cα-Cβ-S and Cα-Cβ-S-S, respectively, exhibit
significantly different values in minima A and A′, with consequent variations in the
conformation of the 14-membered ring of DPDPE.

The published X-ray crystal structure of DPDPE14 contains three molecules in the unit cell,
and we report their dihedral angles in Table 2. Comparison of these experimental structures
with the two minima shows that the majority of dihedrals in minimum A (the most stable
according to our results) are in fair agreement with those of the experimental structures. One
of the main differences is in the side chain orientation of Tyr1, which shows χ1 values that
range from −173° to −176° in A and A′ compared to a −61° to −71° range in the three
crystal molecules. This difference, however, may be due to crystal contacts in the unit cell.
The experimental DPDPE structure obtained by NMR12 is also close to minimum A. A
structural overlap (data not shown) shows that small differences are focused on the
backbone dihedral angles of D-Pen2 and Gly3 and on the orientation of the Phe4 side chain.

Putative Bioactive Conformations
While there is no guarantee that the bioactive conformations of DADLE and DPDPE, i.e.,
the states acquired by the ligands in interaction with the receptor, correspond to the lowest
free-energy minima in solution, it is reasonable to assume that they are present in solution
with a non-negligible probability. Assuming that the two cognate peptide agonists follow a
similar recognition pattern, we sought to identify the conformational states shared by the
two penta-peptides in the search for possible bioactive conformations. To this end, we
evoked classical DOP receptor pharmacophore models for recognition,20 and described the
sampled conformations of DADLE and DPDPE in terms of 3 distances (dNA, dNB, and dAB)
and 3 angles (αANB, αNAB, and αNBA) between three pharmacophoric points: the backbone
nitrogen of Tyr1 (N), the centroid of the aromatic ring of Tyr1 (A), and the centroid of the
aromatic ring of Phe4 (B). Thus, the free-energies reported in Figures 1 and 2 for DADLE
and DPDPE, respectively, were recast using a 6-dimensional free-energy function
epitomizing this pharmacophore. Selected projections of this function are reported in Figure
3 for both DADLE and DPDPE. While projections involving the dNA distance and the
αNBA angle are qualitatively similar for the two peptides, others exhibit hardly overlapping
low-free-energy regions.
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Regions sampled by both peptides are indicated in red on the 2-dimensional projections in
Figure 3. We note that they do not correspond to minima of the bulk free-energy, indicating
the possibility that the protein environment radically influences the conformational
flexibility of the peptides upon their entrance in the binding pocket. Conformations in the
two bias-exchange trajectories within these regions were extracted for both DADLE and
DPDPE, and clustered. For each peptide, two clusters were obtained (see Table S1), visually
corresponding to the two disconnected regions in the projections of Figure 3. The values of
the most populated cluster for each peptide (respectively 83% and 68% of the total
population), which represent putative binding conformations of the two peptides, are
reported graphically in Figure 4. Values of the dihedral angles of representative
conformations for each cluster are reported in Tables S2 and S3 for DADLE and DPDPE,
respectively. Location of the representative structures of these peptides are indicated with
stars on the free-energy maps of Figure 1 and Figure 2.

CONCLUSIONS
We explored the conformational preferences of two DOP receptor peptides using both
biased and unbiased MD approaches. As expected, the linear penta-peptide DADLE was
found to be rather flexible in solution, as demonstrated by the large number of different
metastable states identified in its free-energy surface. In contrast, the DPDPE 14-membered
ring exhibits a more rigid structure, which required longer simulation times for a thorough
conformational sampling.

While we did not attempt to derive the free-energy profile of the two penta-peptides in the
receptor binding pocket, we inferred possible bioactive conformations of DADLE and
DPDPE. Using the working hypothesis of a common binding mode for the two DOP-
receptor agonists and a classical DOP receptor pharmacophore model for ligand recognition,
we extracted common conformations in the DADLE and DPDPE trajectories that satisfied
the pharmacophores requirements. Our analysis confirmed that the most stable structures of
DADLE and DPDPE in the solvent are most likely not the ones that bind to the receptor.
Yet, putative bioactive conformations of these two penta-peptides were inferred from their
conformational free-energy profiles.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Funding for this work was provided, in whole or in part, by National Institutes of Health grants DA026434 and
DA034049. Computer simulations were run on resources available through the Scientific Computing Facility of Mt.
Sinai School of Medicine, and were supported, in part, by the National Science Foundation through TeraGrid
advanced computing resources provided by Texas Advanced Computing Center under TG-MCB080109N.

References
1. Porreca, F.; Bilsky, EJ.; Raffa, RB.; Lai, J. The Pharmacology of Opioid Peptides. Harwood

Academic Publishers; New Jersey: 1995.

2. Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morgan BA, Morris HR. Nature. 1975;
258:577–580. [PubMed: 1207728]

3. Graham WH, Carter ES 2nd, Hicks RP. Biopolymers. 1992; 32:1755–1764. [PubMed: 1472657]

4. Naito A, Nishimura K. Curr Top Med Chem. 2004; 4:135–145. [PubMed: 14754381]

5. Deschamps JR, George C, Flippen-Anderson JL. Biopolymers. 1996; 40:121–139. [PubMed:
8541444]

Scarabelli et al. Page 6

Biopolymers. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6. Marraud M, Aubry A. Biopolymers. 1996; 40:45–83. [PubMed: 8541448]

7. Mosberg HI, Hurst R, Hruby VJ, Galligan JJ, Burks TF, Gee K, Yamamura HI. Life Sci. 1983;
32:2565–2569. [PubMed: 6304440]

8. Mosberg HI, Hurst R, Hruby VJ, Gee K, Akiyama K, Yamamura HI, Galligan JJ, Burks TF. Life
Sci. 1983; 33(Suppl 1):447–450. [PubMed: 6319901]

9. Mosberg HI, Hurst R, Hruby VJ, Gee K, Yamamura HI, Galligan JJ, Burks TF. Proc Natl Acad Sci
U S A. 1983; 80:5871–5874. [PubMed: 6310598]

10. Berg KA, Rowan MP, Gupta A, Sanchez TA, Silva M, Gomes I, McGuire BA, Portoghese PS,
Hargreaves KM, Devi LA, Clarke WP. Mol Pharmacol. 2011; 81:264–272. [PubMed: 22072818]

11. Temussi PA, Tancredi T, Pastore A, Castiglione-Morelli MA. Biochemistry. 1987; 26:7856–7863.
[PubMed: 2827761]

12. Gussmann M, Borsdorf R, Hofmann HJ. J Pept Sci. 1996; 2:351–356. [PubMed: 9230462]

13. Hruby VJ, Kao LB, Pettitt BM, Karplus M. J Am Chem Soc. 1988; 110:3351–3359.

14. Flippen-Anderson JL, Hruby VJ, Collins N, George C, Cudney B. J Am Chem Soc. 1994;
116:7523–7531.

15. Shenderovich MD, Liao S, Qian X, Hruby VJ. Biopolymers. 1999; 53:565–580. [PubMed:
10766952]

16. Pettitt BM, Matsunaga T, al-Obeidi F, Gehrig C, Hruby VJ, Karplus M. Biophys J. 1991; 60:1540–
1544. [PubMed: 1777571]

17. Chew C, Villar HO, Loew GH. Mol Pharmacol. 1991; 39:502–510. [PubMed: 2017150]

18. Chew C, Villar HO, Loew GH. Biopolymers. 1993; 33:647–657. [PubMed: 8385507]

19. Nikiforovich GV, Prakash OM, Gehrig CA, Hruby VJ. Int J Pept Protein Res. 1993; 41:347–361.
[PubMed: 8496017]

20. Bernard D, Coop A, MacKerell AD Jr. J Med Chem. 2007; 50:1799–1809. [PubMed: 17367120]

21. Schrödinger, LLC: New York, NY. 2009.

22. MacKerell ADJ, Bashford D, Bellott M, Dunbrack RLJ, Evanseck JD, Field MJ, Fischer S, Gao J,
Guo H, Ha S, Joseph-McCarthy D, Kuchnir L, Kuczera K, Lau FTK, Mattos C, Michnick S, Ngo
T, Nguyen DT, Prodhom B, Reiher WEI, Roux B, Schlenkrich M, Smith JC, Stote R, Straub J,
Watanabe M, Wiórkiewicz-Kuczera J, Yin D, Karplus M. J Phys Chem. 1998; 102:3586–3616.

23. Mackerell AD Jr, Feig M, Brooks CL 3rd. J Comput Chem. 2004; 25:1400–1415. [PubMed:
15185334]

24. Berendsen HJC, van der Spoel D, van Drunen R. Computer Physics Communications. 1995;
91:43–56.

25. Bonomi M, Branduardi D, Bussi G, Camilloni C, Provasi D, Raiteri P, Donadio D, Marinelli F,
Pietrucci F, Broglia RA, Parrinello M. Comput Phys Commun. 2009; 180:1961–1972.

26. Piana S, Laio A. J Phys Chem B. 2007; 111:4553–4559. [PubMed: 17419610]

27. Barducci A, Bussi G, Parrinello M. Phys Rev Lett. 2008; 100:020603. [PubMed: 18232845]

28. de Silva, V.; Tenembaum, JB. Stanford University. 2004.

29. Huang P, Kim S, Loew G. J Comput Aided Mol Des. 1997; 11:21–28. [PubMed: 9139108]

30. Coop A, Jacobson AE. Bioorg Med Chem Lett. 1999; 9:357–362. [PubMed: 10091684]

31. Granier S, Manglik A, Kruse AC, Kobilka TS, Thian FS, Weis WI, Kobilka BK. Nature. 2012;
485:400–404. [PubMed: 22596164]

32. Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, Pardo L, Weis WI,
Kobilka BK, Granier S. Nature. 2012; 485:321–326. [PubMed: 22437502]

33. Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, Huang XP, Trapella C, Guerrini R,
Calo G, Roth BL, Cherezov V, Stevens RC. Nature. 2012; 485:395–399. [PubMed: 22596163]

34. Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, Liu W, Thompson AA, Huang XP,
Carroll FI, Mascarella SW, Westkaemper RB, Mosier PD, Roth BL, Cherezov V, Stevens RC.
Nature. 2012; 485:327–332. [PubMed: 22437504]

35. Deschamps JR, George C, Flippen-Anderson JL. Acta Crystallographica Section C: Crystal
Structure Communications. 1996; 52:1583–1585.

Scarabelli et al. Page 7

Biopolymers. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Free-energy surface of DADLE in solution
Free-energy reconstructed from the bias-exchange metadynamics simulations of DADLE.
Free-energy differences from the lowest energy minimum A are reported in kJ/mol.
Representative structures (cluster medoids) for minima A, A′, B, B′, and C are reported in
red, pink, dark blue, light blue, and green, respectively. The location on the map of
representative, putative bioactive conformations is indicated with a six- or a five-point star
for Clusters 1 and 2, respectively.
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Figure 2. Free-energy surface of DPDPE solution
Free-energy reconstructed from the bias-exchange metadynamics simulations of DPDPE in
water. Free-energy differences from the lowest energy minimum A are reported in kJ/mol.
Representative structures (cluster medoids) for minima A and A′ are reported in orange and
light gold, respectively. The location on the map of representative, putative bioactive
conformations is indicated with a six- or a five-point star for Clusters 1 and 2, respectively.
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Figure 3. Overlap of the pharmacophoric parameters calculated for DADLE and DPDPE
2D projections of the 6D free-energy functions (in light and dark blue, for DADLE and
DPDPE, respectively) epitomizing the pharmacophoric model. Dark red points correspond
to regions where free-energies are non negligible for both peptides.
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Figure 4. Graphical sketch of the pharmacophoric model
Values of the pharmacophoric parameters of the most populated cluster (Cluster 1) for
DADLE (in Panel A) and DPDPE (in Panel B).
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