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ABSTRACT: Cyclic pentapeptide Tyr-bfLys-Phe-Phe-Asp]NE based on the structure of
endomorphin-2 (EM-2), which shows high affinity ttee p-opioid receptor (MOR) and a very
strong antinociceptive activity in mice was usedagsarent compound for the structure-activity
relationship studies. In this report we synthesiaadlogs of a general sequence Drt-kf/s-
Xaa-Yaa-Asp]NH, with D-1- orD-2-naphthyl-3-alaninen-1-Nal orb-2-Nal) in positions 3 or 4.
In our earlier papers we have indicated that répia@ phenylalanine residue by the more
extended aromatic system of naphthylalanines mayltrén increased bioactivities of linear
analogs. The data obtained here showed that oclpmsptides modified in position 4 retained
the sub-nanomolar MOR and nanomataspioid receptor (KOR) affinity, similar but not ther
than that of a parent cyclopeptide. In thevivo mouse hot-plate test, the most potent analog,
Dmt-c[D-Lys-Pheb-1-Nal-Asp]NH,, exhibited higher than EM-2 but slightly lower th#he
cyclic parent peptide antinociceptive activity afperipheral (ip) and also central administration
(icv). Conformational analyses in a biomiometic iemwment and molecular docking studies
disclosed the structural determinants responsitetife different pharmacological profiles of

position 3-versusposition 4-modified analogs.



1. Introduction

Seeking new therapies for the treatment of pairarisarea of interest for chemists and
pharmacologists. Since the endogenous opioid syseknown to play a crucial role in pain
processing, many endogenous opioid peptides and gisthetic analogs have been studied
extensively in order to develop new candidate dmiigls antinociceptive activity [1]. There are
at least three major types of opioid receptars, andk (or MOR, DOR and KOR, respectively),
with distinct profiles clearly distinguishing eache from the others. The scientific breakthrough
in opioid receptor research came with obtainingrtbeystal structures [2-4]. There is evidence
that in their inactive form, receptors share a eorsd wide-open binding pocket and may
function as oligomers [3,5].

According to Yamazaket al. [6], physiological activity of opioid peptides determined by
the conformation of th&l-terminal portion, the so called “message” sequemhbe remainingc-
terminal fragment represents the "address”. Thigigois supposed to stabilize the bioactive
conformation, among various conformations accesdiblitheN-terminal message sequence [7].
As it was well established, Tyrand Ph&Phé residues commonly found in the group of
endogenous opioid ligands and their synthetic aysaéve structural determinants for binding to
opioid receptors [6,8]. Their reciprocal distanegsl disposition deeply influence the affinity
and selectivity for the different opioid receptabsypes [9,10].

A fundamental step toward the rational design dépband safe therapeutics is understanding
their interactions with receptors which are invalviea mediation and modulation of different
pharmacological effects. To improve receptor redogn reduce the molecular conformational

freedom, stabilize the peptide in biological fluided increase membrane permeation, the



cyclization of linear sequences was frequently &elbpn peptide chemistry [11-14]. The
structure of cyclic peptides could be consideredudable scaffold for arrangement of the
pharmacophoric groups in a restricted regions efsghace surrounding the molecule [9].

In the search for new, potent antinociceptive agemé have been synthesizing cyclic analogs
based on the structure of endomorphin-2, Tyr-Pre-PheNH (EM-2), with conserved free
amino group at thél-terminus which is thought to be crucial for theading to the MOR [15].
These analogs were cyclized through an amide betdeen the side-chains of bifunctional
amino acids incorporated into the structure of Ef-@-19]. Our first very potent cyclic analog
was a pentapeptide TyrigsLys-Phe-Phe-Asp]NE(analogl), which displayed a similar to EM-

2 MOR affinity, greatly improved stability in thetrbrain homogenate and much stronger and
longer lasting antinociceptive activity after irdesiebroventricular (icv) administration [16]. This
analog elicited analgesia also after peripheracinpn and this effect was reversed by the
concomitant icv administration of the MOR antaggni$-funaltrexamine §-FNA), which
indicated that antinociception was mediated by M@R receptors in the brain. Enzymatic
stability and the ability to cross the blood-brherrier (BBB) are two most desirable features of
new analgesic drug candidates which made this @ypéptide of considerable interest.
Therefore, we designed further modifications o$ {entapeptide, in order to elucidate structure-
activity relationships [17-21]. Continuing theseadies, here we report on a new series of cyclic
analogs obtained by the introduction @fl-naphthyl-3-alaninep(1-Nal) or D-2-naphthyl-3-
alanine p-2-Nal) instead of the Phe residues in positions 3 of our parent analogy The
introduction of ab-amino acid residue into one of these positionth@&macrocycle is expected
to strongly impact the accessible backbone confooms, since a heterochiral residue tends to

stabilize alternative secondary structures. Besiblas contains a more extended aromatic ring



system and therefore introduces an additional cstieindrance. Additionally, Tyr residue in
position 1 was replaced by 2’,6’-dimethyltyrosirigngt), known to remarkably enhance opioid
receptor binding affinities [22,23]. Introductiom the more lypophilic amino acid residues was
aimed at increasing the BBB permeability, whileaneing or enhancing the biological activity.
The biological properties of the new cyclopeptisesre evaluated in the radioligand receptor
binding experiments in the rat or guinea pig bramembrane homogenates, followed by
determination of their agonist potencies in a caitimobilization assay performed on cells
expressing opioid receptors and chimeric G protelite antinociceptive activity of the most
promising compound was studiedvivo in the mouse hot-plate test. The 3D structure aesly
of all new cyclopeptides in solution were performadd their bioactive conformations when
docked into a model of the MOR were obtained. lohei@st the results were compared to the

parent cyclopeptidé.

2. Resultsand discussion

2.1. Synthesis

Peptides were assembled and cyclized on a solidosupsing a FmotBu-based strategy
with the hyper-acid labile 4-methyltrityl (Mtt) ar@tphenylisopropyl ester (O-2 RRr) groups
[24,25] for the selective amine/carboxyl side-chpitection ofb-Lys and Asp, respectively.
Analytical properties of the analogs are summarinedTable 1. High resolution mass
spectrometry (HR-MS) experiments confirmed the nidestity of all synthesized peptides. RP-
HPLC analyses of the final purified products indéchpurity of 97% or greater. The structures
of the peptides were analyzed By NMR and 2D gCOSY experiments which allowed fae th

unambiguous assignment of all protons (see Expeteh&ection).



Table 1. Physicochemical data and enzymatic stability ofdyaic pentapeptide analogs.

m/z[M+H] "™ RP-HPLC Area

Compd Sequence Formula Calcd Obsd Rt (min)b [%0]°
Tyr-Pro-Phe-Phe-N} (EM-2) GpoHa/NsOs  571.70 571.85 17.25 0.61+0.04
1 Tyr-c[p-Lys-Phe-Phe-Asp]Nkf CsHasN,O;  700.345  700.345 20.50 95.97 + 470

2 Dmt-c[p-Lys-D-1-Nal-Phe-Asp]NH  C,Hs:N,O;  778.392  778.387 16.21 93.80 + 050
3 Dmt-c[D-Lys-D-2-Nal-Phe-Asp]NH  C,Hs:N,O;  778.392  778.387 16.38 85.42 + 1700
4 Dmt-c[D-Lys-Phep-1-Nal-Asp]NH,  CuHs:N,O;  778.392  778.385 16.02 95.98 + 7702

5 Dmt-c[p-Lys-Phep-2-Nal-Asp]NH,  C,3Hs:N,O;  778.392  778.388 16.10 95.62 + (.81

2Observed by ESI-MSonization.” Rt with Vydac Gg column (um, 4.6 x 250 mm) using the solvent system 0.1%
TFA in water (A) and 80% acetonitrile in water caining 0.1% TFA (B) and a linear gradient of 0-1068tvent B

in 25 min, flow rate 1 mL/min° Amount of peptide remained after 90 min incubatidgth rat brain homogenat®.
Data from ref. [16]. **p< 0.001 as compared to EM-2 by using one-way ANOfMAowed by the Student—
Newman-Keuls test.

2.2. Enzymatic stability

The stability of the new cyclopeptides toward enatim degradation were verified by
measuring their hydrolysis rates in the presendbd@fat brain homogenate (Table 1). After 90
min incubation, all cyclopeptides (including pare@mmpoundl) remained intact in 85-95%,
while EM-2 was almost completely digested. The ioleta data confirmed that cyclization
protects peptides against proteolytic digestion emfers stability in the biological fluids [26].
The cyclic analogs resistant to enzymatic hydradyssually exhibit improved bioactivities and

bioavailabilities, in comparison with their lineemunterparts.

2.3. Receptor binding and functional activity



Opioid receptor binding affinities of new compourds for the MOR, DOR and KOR were
determined by radioligand competition analysis g$fi]DAMGO, [*H][lle>|deltorphin-2 and
[*H]nor-BNI, respectively. The 1§ values were determined from logarithmic dose-disgriaent
curves, and the values of the inhibitory const&nt ¢f peptides were calculated according to the
equation of Cheng and Prusoff [27].

The K values are summarized in Table 2. Analagsd3 with D-1-Nal orD-2-Nal in position
3, respectively, showed weak affinity for the MG not bind to the DOR and had weak or no
affinity for the KOR. Analoggl and5, similarly modified at position 4, displayed sudromolar
MOR affinities compared with the parent compourtelgl-2 and analod. They exhibited also

nanomolar KOR affinities, showing weak bindinghhe DOR (not detectable in case of EM-2).

Table 2. Opioid receptor binding of the cyclic pentapeptialogs.

Ki[nM]
Compd MOR DOR KOR
EM-2 0.49 £0.02 9614.70 + 834.50 7827.67 +948.20
1 0.35+£0.02 170.86 £3.5 1.12 £0.20
2 69.18 £ 1.20 9173.80 + 920.60 56.62 £ 2.50
3 16.82 £ 0.60 4248.85 + 566.50 750.70 £4.10
4 0.25 £0.02 51.20 £ 3.00 1.78 £0.15
5 0.44 £0.03 110.35+£8.10 1.02 £0.40

 Binding affinities are given as;Kalues determined by competitive displacement ef sklective radioligands,
[*HIDAMGO or [*H][lle*deltorphin-2 using rat brain membranes, afd]for-BNI using guinea pig brain
membranes. All values are expressed as mean = $HMee independent experiments performed in dafdic

The pharmacological profiles of analods5 were characterized in calcium mobilization
functional assay [19,28,29]. The concentration-osesp curves of all tested compounds are

shown in Figure 1A-C and the calculated agonisepoes (pEGy) and efficacieso) of the



analogs are summarized in Table 3. EM-2, DPDPE,dgmdrphin A (Dyn A) were used as the
reference full agonists for calculating intrinsatigity at the MOR, DOR and KOR, respectively.
In the CHQuor cells, stably expressing thexgs chimeric protein, compoundsand3 displayed
similar potency as the reference MOR agonist (arfd 7.94, respectively, compared to 7.88 for
EM-2), associated with a significant reduction fficacy (0.42 £ 0.06 and 0.49 + 0.03) (Figure
1A). Cyclopeptided, 4 and5 mimicked the stimulatory effect of EM-2 (Figure Y1 Alisplaying

a slight reduction of efficacy (0.83 = 0.09, 0.8385 and 0.75 % 0.06, respectively) but high

potency (8.69, 8.25 and 8.44, respectively).

A) -e- EM-2 B) C)

-e- DynA
150- - Analog 1 1504 -®- DPDPE 150+
-0~ Analog 2 & Analog 1 : ﬁ:::zg;
-~ Analog 2
—— Analog 3 R ~+ Analog 3 — Analog 3 ‘2'-"2

-+ Analog 4
-+ Analog 5§

-+ Analog 4

-+ Analog 4 i
1001 = Analog 5

S100{ -+ Analog 5

=
o
o

o
2

50
o

FIU (% over the baseline)
FIU (% over the baseline)
\"‘.

FIU (% over the baseline)

T T T T T T T T T T T T T T T T T T T T T
11 10 9 8 7 6 5 1 10 9 8 7 6 5 1" 10 9 8 7 6 5
-log[agonist] -log[agonist] -log[agonist]

Figure 1. Concentration response curves for the cyclic papage analogd-5 and EM-2 (A),
DPDPE (B) and Dyn A (C) in calcium mobilization expnents performed in A) CHgr, B)

CHOpor and C) CHQor cells, respectively.

In the CHQor cells, stably expressing thengzesspis chimeric protein (Figure 1B), analogs
and3 were completely inactive, whilk and5 behaved as partial agonists (0.50 + 0.05 and 0.31
+ 0.06, respectively) showing potencies (7.19 a2d,/respectively) not far from that of DPDPE

(7.57) (Figure 1B), while the curve for analbgvas incomplete.



Finally, in the CHQor cells stably expressing theoags chimeric protein, compound
mimicked the stimulatory effect of Dyn A, showinigh potency (8.18) and maximal effect (106
+ 9 %). Compound! exhibited also relatively high potency (7.38),axsated however with a
significant reduction of maximal effect (79 + 6 %eptide, 3 and5 exhibited lower potency
(5.77 - 6.99) and efficacy (Figure 1C).

Summing up, the parent peptiflavas a mixed MOR/KOR full agonist, with similar paty
at both these receptors. Analggand5 also behaved as mixed MOR/KOR agonists but showed
significantly higher potency and efficacy at the RObeing therefore more selective thhn

Compound£ and3 were partial MOR agonists with moderate selegtifor this receptor.

Table 3. Effects of novel cyclic pentapeptide analogs at &mmecombinant opioid receptors
coupled with calcium signalinga chimeric G proteins.

MOR DOR KOR
Compd EC.2 E E
(F(’:Li;) o+ SEM (ELQC;;) o+ SEM (gl_gf;) o+ SEM
DPDPE Inactive 7.57 1.00 Inactivé
(7.41-7.73)
Dyn A 6.67 0.83+0.16 7.73 0.99+0.04 8.35 1.00
(6.17-7.17) (7.46-8.00) (8.16-8.53)
EM-2 7.88 1.00 Inactivé Inactive
(7.72-8.05)
1 8.69 0.83+0.09 Crc incomplete 8.18 1.00 £0.01
(8.10-9.29) (8.01-8.36)
2 7.70 0.42 +0.06* Inactivé 5.89 0.43 + 0.05*
(7.46-7.94) (5.62-6.17)
3 7.94 0.49 +0.03* Inactivé 5.77 0.31 + 0.04*
(7.64-8.24) (5.44-6.09)
4 8.25 0.83+0.05 7.19 0.50 + 0.05* 7.38 0.74 + 0.06*
(8.08-8.43) (6.89-7.49) (7.24-7.52)
5 8.44 0.75 + 0.06* 7.27 0.31 +0.06* 6.99 0.44 + 0.04*
(8.20-8.69) (6.87-7.68) (6.71-7.27)

EM-2, DPDPE and Dyn A were used as reference atgofus calculating intrinsic activity at the MORQR, and
KOR, respectively? Agonist potency values (pEg and® efficacy valuesd). ¢ Inactive means that the compound
was inactive as agonist up to 1 p\Data from ref. [28]. The data represent mean + SEMt least 3 separate



experiments performed in duplicatgp<t0.05 according to one way ANOVA followed by the Dett test for
multiple comparisons.

2.4. Antinociceptive activity

The antinociceptive effect of analogs was asseisstte mouse hot-plate test which evaluates
central pain attenuation after applying an acueental stimuli and was compared to the effect
produced by EM-2. Groups of mice were injectedand the hot-plate responses were measured
10 min after injection. The results obtained aftex icv administration of peptides showed that
analogs2 and3 (EDsq for jumping 0.714 and 0.533 pg/animal, respecyivptoduced responses
slightly better than EM-2 (E£3 for jumping 1.820 pg/animal) despite their lowe©OR affinity,
what could be explained by much higher enzymatbibty of the cyclopeptides. The strongest
antinociceptive effect, similar to that of the parpeptidel, was produced b¥ and5 (EDs, for
jumping 0.05, 0.06 and 0.08 pg/animal, respectjv@fygure 2) which was well correlated with

their sub-nanomolar MOR and nanomolar KOR affinity.
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Figure 2. The effect of different doses of the cyclic pgegatide analogg-5 and EM-2 in the
mouse hot-plate test. Results are expressed asnpage (mean = SEM) of the maximal possible
effect (MPE) for the inhibition of jumping inducdxy icv injection of a peptide. Number of

animals per group ranged between 7-10.
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The results of the hot-plate test after ip admiatgin of peptides are shown in Figure 3.
Groups of mice were injected the cyclopeptidesnippidose range of 0.1-10 mg/kg (except
analogs? and3 which were injected only in two higher doses) #mel hot-plate responses were
measured 15 min after injection. Analdgs4 and5 (EDs for jumping <0.01, 1.160 and 3.244
mg/kg, respectively) showed significant, dose-delpah antinociceptive activity (88, 82 and
55% at 10 mg/kg, respectively), while and3 much weaker effects were observed only at the

highest dose (17 and 24%, respectively).
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Figure 3. The effect of different doses of the cyclic pemefajde analogg-5 in the mouse hot-
plate test. Results are expressed as percentage @®EM) of the %MPE for the inhibition of

jumping induced by ip injection of a peptide. Numbéanimals per group ranged between 7-10.

The time-course experiments were performed follgwihe ip administration of two best
analogs4 and5 at a dose of 3 mg/kg and compared witfFigure 4). The hot-plate responses
were measured 15, 30, 45, and 60 min after injeclitle strongest antinociceptive effects were

observed 15 min after injection, then slowly destin
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Figure 4. Antinocicptive effect ofl, 4 and5 (3 mg/kg) in the mouse hot-plate test at different
times after ip injection. Results are expressepeasentage (mean + SEM) of the %MPE for the

inhibition of jumping. Number of animals per grotgmged between 7-10.

Two of the new lactamgd(and5) showed, similarly to parent compoufidefficacy to both,
MOR and KOR. Compounds which display strong anicemtion after peripheral
administration and bind simultaneously to MOR andRKmay represent a new generation of
pain relieving peptides with reduced abuse liapili€entral action of KOR agonists produces
analgesia accompanied by some dysphoric effect8180and that property has limited the
therapeutic development of this class of ligands33]. However, some evidence suggests that
mixed MOR/KOR agonists display fewer side-effe¢ttgleed, MOR/KOR agonists of alkaloid
structure, such as ethylketazocine (EKC), have l@ewn and used to treat cocaine addiction
[31,34]. Presumably, the presence of MOR agonistigccan neutralize any dysphoria induced

by KOR agonism [31,35].

2.5. Conformational analysis
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The different activity profiles of the cyclopept&l@rompted us to investigate the preferred
conformations of the new analogs5 in solution by'H NMR spectroscopy and restrained
molecular dynamics (MD), as previously reported][38MR spectra were recorded in 8:2
mixtures of deuterated dimethyl sulfoxide (DM$g)-and HO. Such mixed solvent system
have been recommended by several authors as alieakaepresentative of biological fluids
[37,38]. All the spectra showed a single set ofomesices, suggestive of conformational
homogeneity or a rapid equilibrium between confasndt is apparent that peptid@sand 3,
containingDd-Nal at position 3, had very similar spectra, wite diverse resonances at nearly the
same chemical shift values. In a similar way, pkgsd and5 containingD-Nal at position 4,
displayed very similatH NMR spectra (see Experimental Section, NMR arigissction).

Variable-temperature (VI'H NMR experiments performed in 8:2 mixture of DMSigH,0
were used to detect if amide protons were involvethe intramolecular hydrogen bonding or
were solvent exposed (Table 4). Cyclopeptideand 3 showed comparatively lowekd/AT
values for AspNH in respect to other amide protomsS(AT in p.p.b./K, for2 = -2.4, for3 = -
2.6), suggestive of some preference for conformattlaving hydrogen bonded AspNAJIAT]|
< 2.5 p.p.b./K) [39]. On the other hand, the cyclapes4 and5 showed a lowAS/AT value for
D-PhéNH (AS/AT = -1.6 p.p.b./K) but thas/AT values for the remaining amide protons of the
macrocycle were only slightly higher, ranging fre5 to 3.6 p.p.b./K, thus suggesting that

these peptide might adopt a variety of conformaticmaracterized by weak hydrogen bonds.

Table 4. AYAT values (p.p.b./K) for the amide protons of thelicypentapeptide analo@s5 in
8:2 DMSO+ds/H-0.

Compd| D-LysNH | XaaNH YaaNH AspNH | p-LysNHe | CONH,

2 -4.3 -3.3 -8.2 -2.4 -3.6 -5.7/-6.2

13



3 -4.6 -4.1 -6.1 -2.6 -3.9 -4.5/-4.5
4 -2.5 -1.6 -3.6 -2.5 -3.5? -4.5/-4.7

5 -2.5 -1.6 -3.2 -2.9 -3.1 -4.7/-4.7

Detailed conformational analyses of cyclopeptid2s were performed by 2D NMR
spectroscopy and MD simulations. The compounds veralyzed by 2D-ROESY in the
biomimetic DMSOds/H,O (8:2) mixed solvent. Cross-peak intensities weneked to inter
plausible inter-proton distances as restraints fupentary Material). Structures consistent with
ROESY were obtained by simulated annealing withraesed MD in a box of explicit TIP3P
equilibrated water molecules. Thebonds were set at 180°; as it is well establighatpeptides
comprising only secondary amide bonds adoptrafis conformations. In any case, the absence
of Ha(i)-Ha(i+1) cross-peaks reasonably excluded the occurrenaasqieptide bonds. The
structures were minimized with the AMBER force dig¢#0] and clustered by the rmsd analysis
of backbone atoms.

For analog2, the procedure gave one major cluster comprisitegg large majority of the
structures. The representative structure with dheebt energy was selected and analyzed (Figure
5). In the ROESY-derived structure, the Dmt residues situated above the plane of the
macrocycle (Figure 5). The backbone adopted anrsevéype Ilp-turn secondary structure
centered orb-1-Nal-Phe, stabilized by a hydrogen bond betwedrys carbonyl oxygen and
AspNH, in agreement with the VT-NMR experiments i{lEa4). On the other han@, showed
also a hydrogen bond betweerLysNH and AspC=0, not predicted by VT-NMR analysis
possibly this hydrogen bond was not as stable@agtévious one, due to the floppy geometry of

the long Lys side chain connecting Asp.
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On repeating the procedure described above, andlaggmve a single major cluster of
conformers, whose representative, lower energy imads characterized by a typefturn
secondary structure centered D+2-Nal-Phe, with a hydrogen bond betwewihys carbonyl
oxygen and AspNH (Figure 5). Possibly, the presaridbe 2-Nal substituent instead of the 1-
Nal isomer at position 3 of the macrocycle forced phenyl side chain of Phabove the
molecular plane, so adopting a pseudo axial difposiimpacting also the geometry of the
flexible Lys (CH)4 chain.

The analysis of analog gave one major cluster showing the Dmt residue ipseudo
equatorial position in respect to the macrocycte] a second minor cluster in which Dmt was
located above the plane of the macrocycle. Theesfe structuredA and4B, with the lowest
energies 4A comparatively more stable thdB) were selected and analyzed (Figure 5). Both
conformations were characterized by a typp-turn centered on Phe-1-Nal with a hydrogen
bond betweem-LysNH and AspC=0. Nevertheless, the VT-NMR analyadicated that other
hydrogen bonded structures involving eitiletysNH and/or PheNH were possible (Table 4).
Reasonably4A and4B represented conformers in equilibrium, whose awvesgounted for the
medium ROESY cross-peak between PheNHmhgsHa (corresponding to a distance of about
3 A). These correlations and the secondary strestof2, 3, 4A, 4B, and5 along with the

explicit hydrogen bonds, are also sketched in E@u(Discussion Section).
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Figure 5. Representative lowest energy structure2-6f calculated by ROESY-restrained MD

in a 30x30x30 A box of standard TIP3P water molesuDnly amide and-protons are shown.

Finally, the investigation of the conformationahfieres of analo§ by 2D ROESY and
MD gave, after clustering, a single model structegey similar to4A (Figure 5). Accordinglyb
showed a clear hydrogen bonded typp-turn centered on Phe-2-Nal. Unlike in case a2 and
3, the substitution of 1-Nal with 2-Nal did not pest 5 from adopting the same backbone
geometry aglA, indicating that also the stereochemistry arrayhefresiduesLODLL for 2 and

3, LbLDL for 4 and5) exerted a significant role in determining the rae3D structure [41,42].

16



The structures 02-5 determined in solution (Figure 5) were compareth&in-solution
conformations of the parent peptitlelescribed earlier [20]. The analysis of the comfations
of backbones and side-chains revealed that theoTlyys-Phe portions odA and5 maintained a
good superimposition with the corresponding pogiohanalodl sol. However4A and5 differ
in the positioning of the naphthyl groups and ie #tonformation of Asp, correlated to the
reversal of configuration of the fourth residue. e other hand, the structures 2fand 3
carrying theD-configured residue at position 3 clearly diffeorfr the structure of analdgsol.

both in terms of backbones and all side-chain ¢tat@ns.

2.6. Molecular docking

All compounds were analyzed by molecular dockingi@®bck) simulations with Autodock
4.0 [43], using as initial geometries of the liganthe ROESY-derived structures shown in
Figure 5, and the previously reported model of hurvd®OR (hMOR) obtained by homology
modeling [41,44,45], subsequently validated using trystallographic structure obtained in
2012 [2]. The results from this procedure werediokd by relaxation and optimization of the
resulting system (induced-fit). A combined quantumechanical/molecular mechanics
(QM/MM) approach was utilized to study the ligareteptor complex [41,45]. In this method,
an accurate but computationally intensive QM desom was used only for regions where
electronic interactions were occurring. The resthef system, whose chemical identity remained
essentially the same, was treated at the approgimktssical MM level. Structures were
clustered together and representative model of ehddter was selected based on the most

favourable free energy of binding.
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The compoundd and5 differed only by the side-chain of the residuespré at position 4y-
1-Nal or D-2-Nal, respectively. Regardless of this differenbeth compounds were able to
interact effectively with the binding site, providj two complexes perfectly inserted into the
cavity and showing the well-known ionic interactioetween the quaternary cationic nitrogen of
Dmt and the Asp147 (TMH IIl). This interaction washanced by a second hydrogen bond with
the Tyr326 (EL IV) (Figures 6A and 6B fer and5, respectively). The AspCONHyroup of
both ligands was situated in a zone adjacent tdl Bbhd TMH V. In this position it was able to
effectively interact with the residue Glu229 (TMH.Mhe aliphatic and aromatic portions of the
ligands were positioned in close proximity to thedifophobic pockets belonging to domains
TMH I, TMH II, TMH 1l and TMH VII, with the naphtlalene group able to interact with
Lys209 (EL Ill) via a cation-pi interaction. The interaction patternswampleted by two
hydrogen bonds with Lys303 (TMH VI) and Leu219 (HI). The structural similarities
described above were confirmed by the very simigdnes of the free energies of binding, with
being only 0.9 kcal/mol more stable th&n The schematic 3D diagrams of the interactions
between the ligands and hMOR are shown in FigureaB4 B, along with the amino acid

composition of the binding site.
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L )
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Tyri2é

Figure 6. The schematic 3D diagrams of the interactionwéen analog (A) and analod (B)
with hMOR, and amino acid composition of the birglsite. Residues belonging to the hMOR
are shown in wire frame, while the ligands are tioks. Hydrogen bonds are represented by

dashed lines.

The MolDock computations of analogsand 3 confirmed also for these compounds the
occurrence of the ionic interaction with Asp147 (HIMII), while the carbonyl group of Dmt
residue interacted with Tyr148 (TMH IIl). Compoudd(Figure 7B) showed two additional
hydrogen bonds with Glu229 (TMH V) and 1le296 (TM¥) which were not found in
compound?2 (Figure 7A). Both compounds displayed a pi-pi iat#ion between the naphthyl
group of Naf and Tyr128 (TMH I). However, in this position,etmaphthyl group was affected
by a strong steric hindrance, resulting in lesblstaomplexes compared 4oand5. A measure
of this instability was given by the differencetime calculated binding free energy 2fnd 3

compared to the value obtained #gramounting to 12.7 and 10.3 kcal/mol, respectivélye
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schematic 3D diagrams of the ligand-receptor ictevas and the amino acid composition of the

binding site, are shown in Figure 7.

. Gluz2g
A\

Lys209

Lys303 \_

Leué“i 9

4 b
Tyn-:a/ I

TN Tep3ts
Trp133 &

. ‘I
16296

Asp147 )

Tyr1z8

Tyraze \

Figure 7. The schematic 3D diagrams of the interactionsvben analo@ (A) and analo@
(B) with hMOR, and residue composition of the birglsite. Residues belonging to the hMOR
receptor are shown in wire frame, while the ligarate in sticks. Hydrogen bonds are

represented by dashed lines.

Compared to the bioactive conformation of the paoempoundl, 4 and5 adopt within the
receptor the same geometry of Dalys-Phe, while the portions-Nal-Asp are significantly
different. The reversal of stereochemistryeilal* with respect ta-Phé of the parent peptide
drives the large naphthyl side-chain to occupy lterraative position. Nevertheless, the docking
structures reported in Figure 6 show that the rigplgroup of4 and5 can be easily hosted in an

upper hydrophobic cavity delimited by the resid@#s229, Lys209, Leu219, so the compounds
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can still efficiently fit the receptor. Interestigg the substitution ofi-Phé by p-Nal* also
induces a rotation of the analogsand5 within the receptor cavity with respect to the pdre
analogl. Indeed, while the latter interacts with T{rof the protein by a hydrogen-bond with
Tyr}(C=0), in4 and5 the phenyl of Ph&is situated side-by-side with Tf (Figure 6).

As for the derivativeg and3, the comparison of the bioactive structures whtht of the parent
analogl shows a completely different binding poses (FigtirePossibly, the very large side-
chains ofb-Nal® cannot easily accommodate into the small pocKénited by residues Asp147,
Tyrl48, Trpl33, so the entire structure is foroeemter in a lying down position, to minimize
unfavorable claches.

In summary, the biological activities of the peps8@-5 can be correlated with the different
structural features. The very simifdéd NMR spectra and VT-NMR experiments ®and3 and
also for4 and5 indicate that cyclopeptide backbone conformatioesewscarcely influenced by
the different structures of the side-chains (1-Matsus2-Nal). As a matter of fact, the 2D
ROESY-derived structures & and 3 showed a somewhat different display of the arglesi
chains ofb-Nal® and Ph& and minor differences relative to the highly fl#& (CH,)4 connector
between Lys and Asp. For compoudd the conformational analysis gave two possible
conformers, characterized by a rather differenttjpssof the fundamental residue DmOn the
other hand, the predominant conformMérwas very similar to the conformation of compoumnd
The comparison of all structures (Figure 8) revédlet the Dnitresidue adopted in all cases
the same position, nearly equatorial to the maalecyrherefore, the most striking difference
between2/3 and 4/5 seems to be a different display of the side-chainthe residues at the
positions 3 and 4, mostly correlated to the diffiérgtereochemistry arrayppLL for 2 and3,

versusLDLDL for 4 and5.
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Figure 8. Sketches of the structuresab (to be compared to Figure 5).

This major difference resulted in a different apilio fit the opioid receptor. The MolDock
analyses showed the binding poses of the cyclagpegpand the residues involved in the ligand-
receptor recognition. The computations revealedl ttiea most relevant differences betwe#s
and 4/5 involved the naphthyl groups. Compared to the inimpgoses of/5, the shift of the
naphthyl groups from position 4 to position 3 hduek teffect of preventing the cation-pi
interaction between the naphthyl group and LysZ9I(l), fostering instead a pi-pi interaction
with Tyr128 (TMH IlI). However, in this position, ¢hnaphthyl group o®/3 (Figure 7) was
affected by a strong steric hindrance, resultindess stable complexes as compared/®
Interestingly, it turned out that bioactive confa@tions of2-5 are slightly different from that of

the parent analod. In particular, the inspection of Figure 6 showdt, unlikel, these
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cyclopeptides reproduce most of the fundament&raations of the prototypic potent MOR-

selective agonist JOM-6 (Figure 9) [44,46].

KGIU 229
4
Tyr148 L/Q, .

Fi '?
’ Trp318
= ~

Asp147 .
; His297

Figure 9. A sketch of the MOR-binding pose of JOM-6 (in batid cylinders), and relevant

interactions with receptor residues (in sticks) (& compared to Figure 6).

3. Conclusion

Performing the structure-activity relationship sasdof our cyclic pentapeptide TyreeLys-
Phe-Phe-Asp]NHK (1), which showed a very strong antinociceptive actiuitynice after central
and peripheral administration we obtained a sasfelactams, incorporating-1- or D-2-Nal
residues in positions 3 or 4. Analogs modified asifion 4 showed significantly higher opioid
receptor affinities and pharmacological activitiean the position-3 substituted counterparts. On
the other hand, substitution of1-Nal versusD-2-Nal in each of the two positions produced
similar results. Pharmacological assays revealatigbptide® and3, havingbD-Nal in position
3, behaved as weak MOR and KOR agonists. Peptidesl5 with D-configured 1-Nal or 2-Nal

in position 4, were similarly to the parent compdun excellent ligands of MOR with sub-
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nanomolar affinity and good KOR ligands with nandan@ffinity. In the calcium mobilization
functional test, these two peptides were founddbalve as universal opioid receptor agonists,
with markedly higher potency and efficacy for th®©R. In agreement with high MOR affinity
and partial agonismg and5 displayed high antinociceptive activity in mice wheelivered by
icv but also ip injection. As compared with analgggcompoundgl and5 showed slightly higher
antinociception after icv administration but slighibwer after systemic (ip) administration. The
conformational analyses in solution and the MolDaooknputations suggested that the different
ligand-receptor recognition of the pai8 and4/5 can be correlated to the different position and
3D display of the bulky naphthyl groups. On theesthand, the bioactive conformations adopted
within the receptor by peptides and 4/5 showed similar binding poses which probably

determined their alike pharmacological properties.

4. Experimental section

4.1. Materials and methods

All reagents, unless otherwise stated, were pusth&®m Sigma Aldrich (Poznan, Poland).
Protected amino acids were purchased from Bachem(Bubendorf, Switzerland). Opioid
radioligands, JH]IDAMGO, [*H][lle>®deltorphin-2 and FH]nor-BNI were obtained from
Biological Research Centre of Hungarian Academyoknces (Szeged, Hungary). Analytical
and semi-preparative RP-HPLC was performed usinte&/d@8reeze instrument (Milford, MA,
USA) with dual absorbance detector (Waters 2487yyatac Gg column (5um, 4.6 x 250 mm)
and Vydac G column (10um, 22 x 250 mm), respectively. Mass spectra of idept

(Supporting Information) were recorded on FT-ICRWFer transform ion cyclotron resonance)
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Apex-Qe Ultra 7T instrument (Bruker Daltonics, Bemm Germany).!H NMR spectra of

peptides were recorded at 400 MHz in 8:2 DM&H4,0 at room temperature.

4.2. Solid-phase peptide synthesis

All peptides were synthesized as previously deedriby Perlikowskaet al [18], using
techniques for Fmoc-protected amino acids on MBH@#kRAmide peptide resin (100-200 mesh,
0.8 mmol/g). N-amino group ob-Lys was protected by Mtf-carboxy group of Asp by O-2
PhPr and hydroxy group of Dmt bitbutyl (t-Bu). Completion of coupling reactions was
monitored by the chloranil test [47]. Crude pepidesre purified by semi-preparative RP-HPLC
using Waters Breeze instrument (Milford, MA, USA)he correctness of the syntheses was

confirmed by HR-MS.

4.3. Opioid receptor binding assays

Opioid receptor binding assays were performed aaocgrto the method described in detail
elsewhere [16], using brain homogenates of adulé Mastar rats (for MOR and DOR) or adult
male Dunkin Hartley guinea pigs (for KOR). Bindiaffinities of peptides for MOR, DOR and
KOR were measured against tritiated radioligandd]QJAMGO, [H][lle>®|deltorphin-2 and
[*H]nor-BNI, respectively. The data were analyzed dynonlinear least square regression

analysis computer program Graph Pad PRISM 6.0 (@agp Software Inc., San Diego, USA).

4.4. Metabolic stability
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Enzymatic degradation studies of the new analoge werformed using Wistar rat brain
homogenate, following the method reported in dggelviously [16]. Briefly, the analogs were
incubated with brain homogenate over 0, 7.5, 1%,220 and 90 min at 8C. The reaction was

monitored by RP-HPLC and the amount of the remgipieptide (area %) was assessed.

4.5. Calcium mobilization assay

CHO cells stably co-expressing human recombinanRK@&® MOR and the C-terminally
modified Gugis [48], and CHO cells co-expressing the human redoamy DOR and the
Gogasspis chimeric protein [49], were generated and usedabilization assay as previously
described [19,28].

Agonist potencies were given as piQepresenting a negative logarithm of the molar
concentration of an agonist that produces 50% efrttaximal possible effect. Concentration
response curves were fitted with the four parametgstic nonlinear regression model:

E

. - baseline
Effect = baseliner —"————
1+ 1c( 0gECs, - X) [h

where X is the agonist concentration and n is thi ddefficient. Ligand efficacy was
expressed as intrinsic activity)(calculated as the &« of the ligand to Eax of the standard
agonist ratio. Curve fittings were performed usBgphPad PRISM 6.0 (GraphPad Software

Inc., San Diego, USA).

4.6. Assessment of antinociception
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The procedures used in this study were in accoalwaiitty the European Communities Council
Directive (86/609/EEC), and approved by the Loctdlidal Committee for Animal Research at
the Medical University of Lodz with the followingumber: 29/t B 662/2013.

Male albino mice (BalbC, Animal House, Faculty dfdPmacy, Lodz, Poland), weighing 20-
26 g, were used throughout the study. The animale Wwoused under controlled environmental
conditions (temperature: 22 1°C, 7 am to 7 pm light-dark cycle) with free accesstandard
semi-synthetic laboratory diet and tap wasat libitum Mice were tested only once and
sacrificed immediately thereafter by decapitation.

The antinociceptive effects of peptides were agskgs the hot-plate test, according to the
method of Eddy and Leimbach [50] and adapted inlaworatory by Fichnat al.[17]. The icv
injections (10 pL/animal) of peptides or a vehiaglere performed in the left brain ventricle of
manually immobilized mice with a Hamilton microsyge (50ulL) connected to a needle
(diameter 0.5 mm) while ip injections (100 pL/anijnaere performed into the peritoneum. The
latencies to jJumping were measured.

A transparent plastic cylinder (14 cm diameterc@Dheight) was used to confine a mouse on
the heated (5% 0.5°C) surface of the plate. The animals werequaan the hot-plate 10 min
after icv injection or 15 min after ip injection. éut-off time of 240 s was used to avoid tissue
injury.

The percentage of the maximal possible effect (%oMR&s calculated as: Y%MPEz={b)/(to-
to) X 100, wheret- control latency, it test latency and, t cut-off time (240 s). The median
antinociceptive dose (Bfg) was calculated as described earlier [16]. The datre analyzed by
a nonlinear least square regression analysis c@npuigram Graph Pad PRISM 6.0 (GraphPad

Software Inc., San Diego, USA).
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4.7. NMR analysis

'H NMR spectra were recorded with a Varian Gemirpaaptus at 400 MHz in 5 mm tubes,
using 0.01 M peptide at room temperature (Supppririormation). Solvent suppression was
performed by the solvent presaturation proceduy@emented in Varian (PRESAT). Chemical
shifts were reported asvalues relative to residual DMS®H=2.50 ppm) as internal standard.
The unambiguous assignment 'f NMR resonances was based on 2D gCOSY experiments.
VT-'H NMR experiments were performed over the rang298:348 K; temperature calibration

was done with the ethylene glycol OH-CH chemicaftsteparation method.

Dmt-c[D-Lys-D-1-Nal-Phe-Asp]NH (2). *H NMR (400 MHz, 8:2 DMSQds/H,0) &: 0.41 (m,
1H, LysHy), 0.66 (m, 1H, Lysk), 1.02 (m, 1H, LysH@), 1.10-1.20 (m, 2H, LysbiLysHpB), 1.42
(m, 1H, LysHB), 2.13 (s, 6H, DmtMe), 2.32 (dd, J=3.0, 13.0 Hd, AspHB), 2.55 (dd,J=8.2,
13.0 Hz, 1H, Aspi), 2.68-2.75 (m, 2H, Dmtp+NalHp), 2.76-2.82 (m, 2H, Phe+LysHe),
2.83-2.98 (m, 4H, Dmtpt+NalHB+PheH3+LysHe), 3.97 (m, 1H, Dmtid), 4.27 (m, 1H,
LysHa), 4.40 (ddd, J=3.0, 8.0, 8.2 Hz, 1H, Aspt4.62-4.72 (m, 2H, Phat+NalHa), 6.34 (s,
2H, DmtArHs5), 7.08-7.20 (m, 5H, PheArH+CONH 7.22-7.26 (m, 2H, PheArH), 7.34 (m, 1H,
NalArHs), 7.39 (t, J=6.0 Hz, 1H, LysN#), 7.51 (t, J=7.2 Hz, 1H, NalA), 7.57 (t, J=7.2 Hz,
1H, NalArH;), 7.75 (brd, 1H, Nalk), 7.89 (d, J=8.4 Hz, 1H, NalAg) 7.90 (d, J=9.2 Hz, 1H,
LysNH), 8.02 (d, J=8.0 Hz, 1H, AspNH), 8.12-8.22, (3, DmtNH+NalArH), 8.28 (d, J=8.8

Hz, 1H, NalNH), 8.66 (d, J=8.8 Hz, PheNH), 9.011¢d, DmtOH).

Dmt-c[D-Lys-D-2-Nal-Phe-Asp]NH (3). *H NMR (400 MHz, 8:2 DMSGdg/H-0) &: 0.40 (m,

1H, LysHy), 0.65 (m, 1H, Lysh), 1.00 (m, 1H, LysH), 1.12-1.20 (m, 2H, Lyspi#LysH3), 1.42
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(m, 1H, LysH3), 2.13 (s, 6H, DmtMe), 2.32 (dd, J=3.6, 15.2 Hz, 1H, AsBH 2.52-2.60 (m, 2H,
NalHR+AspHB), 2.63 (dd, J=4.0, 14.0 Hz, 1H, Ng} 2.69-2.80 (m, 2H, Phel+DmtHp), 2.85
(m, 1H, LyskH), 2.89-3.00 (m, 3H, DmtptPheH3+LysHe), 3.96 (m, 1H, Dmtld), 4.32 (m,
1H, LysHo), 4.38 (ddd, J=3.6, 4.8, 8.0 Hz, 1H, AspH4.60 (ddd, J=4.0, 6.0, 9.6 Hz, 1H,
Pheht), 4.65 (ddd, J=4.0, 7.2, 8.8 Hz, 1H,Nal 6.34 (s, 2H, DmtArkl), 7.06(s, 1H,
CONH,), 7.12-7.19 (m, 4H, CONHPheArH), 7.20-7.24 (m, 2H, PheArH), 7.27 (d, J=BA
NalArHs), 7.32 (t, J=6.0 Hz, 1H, LysN#), 7.42-7.49 (m, 2H, NalArk}), 7.60 (s, 1H, NalArk),
7.76 (d, J=8.0 Hz, 1H, NalArh, 7.83 (d, J=8.0 Hz, 1H, NalAg} 7.90 (d, J=7.6 Hz, 1H,
LysNH), 8.01 (d, J=8.0 Hz, 1H, AspNH), 8.11 (braH, DmtNH), 8.20 (d, J=8.8 Hz, 1H,
NalNH), 8.59 (d, J=8.4 Hz, 1H, PheNH), 9.00 (s, DhtOH).
Dmt-c[D-Lys-Phep-1-Nal-Asp]NH; (4). *H NMR (400 MHz, 8:2 DMSCdg/H-0) &: 0.64 (m,
1H, LysHy), 0.84 (m, 1H, Lyshk), 1.04 (m, 1H, Lysi), 1.11 (m, 1H, LysH), 1.23 (m, 1H,
LysHd), 1.32 (m, 1H, Lysif), 2.13 (s, 6H, DmtMe), 2.31 (dd, J=6.0, 13.2 Hz, PHeHB), 2.34-
2.44 (m, 2H, PheptAspHB), 2.58 (dd, J=10.2, 15.8 Hz, 1H, AspH 2.80 (m, 1H, Lysk),
2.87 (m, 1H, DmtiB), 2.92-3.00 (m, 2H, Nalpt+DmtHp), 3.10 (m, 1H, Lysk), 3.66 (dd, J=3.2,
14.4 Hz, 1H, Nali), 3.70 (m, 1H, Dmtle), 4.05 (ddd, J= 6.4, 7.6, 9.2 Hz, 1H, Lysk4.40-
4.48 (m, 2H, Phebi+AspHa), 4.54 (ddd, J= 4.0, 9.2, 13.2 Hz, 1H, Na)H 6.40 (s, 2H,
DmtArHss), 6.87-6.92 (m, 2H, PheArH), 7.09-7.12 (m, 4H, Rité+CONH,), 7.18 (d, J=7.6
Hz, 1H, PheNH), 7.23 (s, 1H, CONH 7.32-7.40 (m, 2H, NalArkk), 7.53 (t, J=7.2 Hz, 1H,
NalArHg), 7.56-7.62 (m, 2H, LysN&+NalArH;), 7.64 (d, J=7.6 Hz, 1H, AspNH), 7.51 (d, J=9.2
Hz, 1H, LysNH), 7.77 (d, J=8.0 Hz, 1H, NalAjH 7.92 (d, J=8.0 Hz, 1H, NalAg) 8.10 (d,
J=8.0 Hz, 1H, NalArk), 8.34 (m, 2H, DmtNH), 8.61 (d, J=9.2 Hz, 1H, Ne{)\ 9.10 (s, 1H,

DmtOH).
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Dmt-c[D-Lys-Phep-2-Nal-Asp]NH; (5). *H NMR (400 MHz, 8:2 DMSQdg/H,0) &: 0.64 (m,
1H, LysHy), 0.85 (m, 1H, Lysh), 1.02-1.10 (m, 2H, LysptLysHd), 1.23 (m, 1H, LysH), 1.33
(m, 1H, LysH3), 2.14 (s, 6H, DmtMe), 2.35 (dd, J=2.8, 15.6 Hd, AspHp), 2.40-2.45 (m, 2H,
PheHB), 2.52 (dd, J=9.2, 15.6 Hz, 1H, AsPH2.79 (m, 1H, Lysld), 2.86 (m, 1H, Nalig), 2.88
(m, 1H, DmtHB), 2.97 (dd, J=12.0, 13.2 Hz, 1H, DnfiH 3.09 (dd, J=4.6, 13.6 Hz, 1H, NN
3.17 (m, 1H, Lysk), 3.72 (m, 1H, Dmtid), 4.08 (m, 1H, Lysk), 4.34-4.43 (m, 2H,
AspHa+PheH), 4.56 (ddd, J=4.6, 8.8, 9.2 Hz, 1H, Nal16.41 (s, 2H, DmtArhls), 6.86 (d,
J=5.6 Hz, 2H, PheArk}), 7.04-7.14 (m, 5H, PheAsd+CONH,), 7.18 (d, J=8.4 Hz, 1H,
NalArHs), 7.25 (d, J=8.0 Hz, 1H, PheNH), 7.40-7.48 (m, MN#JArHg7), 7.52-7.56 (m, 2H,
AspNH+NalArH,), 7.57 (br.t, 1H, LysNl), 7.75 (d, J=8.8 Hz, 2H, NalAgHLysNH), 7.79 (d,
J=8.0 Hz, 1H, NalArk), 7.83 (d, J=8.0 Hz, 1H, NalAg) 8.31 (br.s, 2H, DmtNH), 8.43 (d,

J=9.2 Hz, 1H, NalNH), 9.13 (s, 1H, DmtOH).

4.8. 2D ROESY analyses

The experiments were conducted in DM8&H,0 (8:2) in the phase-sensitive mode at room
temperature, spin-locking fieldi{2) was 2000 Hz, and mixing time was set to 250 spsrtra
were processed in the hypercomplex approach; peaks calibrated on DMSO. Cross-peak
intensities were classified as very strong, strangdium, and weak, and were associated with
distances of 2.3, 2.7, 3.3, and 5.0 A, respectig®ypporting Information). The intensities of the
cross peaks arising from protons separated by kndigtances (e.g., geminal) were found to

match with these associations. Geminal and othenrckorrelations were discarded as
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constraints. For the absence afi({ i+1) ROESY cross peaks, all of tlhebonds were set at

1808 (force constant: 16 kcalridi™?).

4.9. Restrained molecular dynamics

Only ROESY-derived constraints were included in ki@ simulations [51]. The experiments
were conducted at 300 K and 1 atm by using the ARB&rce field in a 30x30x30 A box of
standard TIP3P models of equilibrated water [S2fidelic boundary conditions were applied, a
dielectric constant of 1 was used, and the cudlistnce for the non-bonded interactions was 12
A. All water molecules with atoms that come clotem 2.3 A to a solute atom were eliminated.
A 100 ps simulation at 1200 K was used for genegat0 random structures that were
subsequently subjected to a 50 ps restrained MB wi60% scaled force field at the same
temperature, followed by 50 ps with full restraifdéstance force constant of 7 kcal mMAl?),
after which the system was cooled in 20 ps to 561#ond interactions were not included, nor
were torsion angle restraints. The resulting stmest were minimized with 3000 cycles of
steepest descent and 3000 cycles of conjugateéegtddonvergence of 0.01 kcatkol™). The

backbones of the structures were clustered byntisd analysis.

4.10. Molecular docking

The previously reported procedure [41,45], usifgpmology models of hMOR subsequently
validated with the crystallographic structure diseld in 2012 [2] was utilized. The initial
structures of the ligands were the ROESY-derivedcsires of the cyclopeptides. MolDock
experiments were performed with Autodock 4.0 [4@hich uses an empirical scoring function

based on the free energy of binding. The ligandktha MOR were further processed using the
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Autodock Tool Kit. Gasteiger-Marsili charges werssigned and solvation parameters were
added to the final docked structure using Addsdityut Structures with less than 1.0 A rmsd
were clustered together and representative modehdi cluster was selected based on the most
favourable free energy of binding. Visual inspectwas carried out to select the final structure.
The combined QM/MM approach, as implemented in N&@H53] was used. The QM/MM
module in NWChem was built as a top level interfdedween the classical MD module and
various QM modules, managing initialization, datmsfer, and various high level operation. For
the QM/MM calculations, the ligand-receptor systemsulting from the MolDock study were
first partitioned into a QM subsystem and an MMssidbem. The reaction system used a smaller
QM subsystem consisting of the ligand and residu#sin 4.5 A, whereas the MM subsystem
was treated using a modified AMBER force field. Tdmindary problem between the QM and
MM subsystems was treated using the pseudo-bonagn With this QM/MM system, an
iterative optimization procedure was applied to @BI/MM system, using 3-21QM/MM
calculations, leading to an optimized structuretfe reactants. The convergence criterion used
was set to obtain an energy gradient of $10sing the twin-range cut off method for non-

bonded interactions, with a long-range cut off 4f&land a short-range cut off of 8 A.

Supporting Information. High resolution MS spectra (Figures S1%);:NMR spectra (Figures
S6-9); non-obvious ROESY cross peaks in 8:2 DMBMBLO (Tables S1-4); alternative rear
views of in-solution conformations (Figures S10;ldjternative rear views of MolDock
complexes between ligan@s5 and hMOR (Figures S12-13). This material is avéddbee of
charge via the Internet at http://pubs.acs.org.
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1. A new seriesof cyclic EM-2 analogs was synthesized.
2. Strong antinociceptive activity in mice was observed.
3. Conformational analyses and molecular docking studies were performed.





