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Asymmetric Synthesis and Conformational Analysis by
NMR Spectroscopy and MD of Aba- and a-MeAba-
Containing Dermorphin Analogues

Bart Vandormael,™ Rien De Wachter,”” José C. Martins,® Pieter M. S. Hendrickx,™
Attila Keresztes, Steven Ballet,”’ Jayapal R. Mallareddy,'” Fanni Toth,'” Géza Téth, and
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Dermorphin analogues, containing a (S)- and (R)-4-amino-
1,2,4,5-tetrahydro-2-benzazepin-3-one scaffold (Aba) and the
a-methylated analogues as conformationally constrained phe-
nylalanines, were prepared. Asymmetric phase-transfer cataly-
sis was unable to provide the (S)-a-Me-o-cyanophenylalanine
precursor for (S)-a-MeAba in acceptable enantiomeric purity.
However, by using a Schollkopf chiral auxiliary, this intermedi-
ate was obtained in 88% ee. [(S)-Aba 3-Gly4ldermorphin re-
tained p-opioid affinity but displayed an increased o-affinity.
The corresponding R epimer was considerably less potent. In

Introduction

Three types of opioid receptors, y, & and «, have been identi-
fied. These receptors are involved in pain perception, regula-
tion of mood, reward, motivation and response to stress."
They can be activated by endogenous opioid peptides or exo-
genously administered opiates, which act as analgesic drugs
for moderate to severe pain. It is well known that the chronic
use of common opioid analgesics results in the development
of analgesic tolerance.” Therefore, the search for new strong
analgesics with suppressed adverse side effects and abuse po-
tential is still ongoing. Conformational, topographical and ste-
reoelectronic structural features of the opioid peptides are im-
portant for interaction with the p, 8, and k opioid receptors.”

The heptapeptide dermorphin, H-Tyr-p-Ala-Phe-Gly-Tyr-Pro-
Ser-NH, (1) was isolated from the skin of the South American
frog Phyllomedusa Sauvagei.™ It is one of the most potent and
selective p-opioid receptor agonists among naturally occurring
opioids.” The minimal sequence required for opiate-like activi-
ty in vivo was identified as the N-terminal tetrapeptide.” It
was shown by NMR analysis and X-ray studies that the optimal
message domain for both p and & opioid receptors is the tri-
peptide Tyr1-p-Ala2-Phe3 in a B-turn conformation. This turn
conformation is induced by the p-chirality of the second resi-
due.”® A general feature of opioid peptides containing the
Tyr 1-p-Xaa 2-Phe 3 message domain, was the unusually high-
field position (<1 ppm) of the side chain protons of the
second residue in the 'H NMR spectra. This is observed for der-
morphin,® its analogues” and in the §-selective heptapeptide
deltorphin.'®™ Thus, a common preferred solution conforma-
tion of the N-terminal tripeptide was proposed to be a type I/I
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contrast, the [(R)-a-MeAba 3-Gly4ldermorphin isomer was
more potent than its S epimer. Tar-MD simulations of both
non-methylated [Aba3-Gly4]ldermorphin analogues showed a
degree of folding at the C-terminal residues toward the N ter-
minus of the peptide, without however, adopting a stabilized
B-turn conformation. The o-methylated analogues, on the
other hand, exhibited a type I/I' B-turn conformation over the
a-MeAba3 and Gly 4 residues, which was stabilized by a hydro-
gen bond involving Tyr5-Hy and p-Ala 2-CO.

p-turn conformation around Xaa2-Phe3 in which the side
chain of the second residue is “sandwiched” between the aro-
matic rings of Tyr1 and Phe3.”'® The p/§ selectivity was
mainly attributed to the conformation and polarity of the
C terminus.'? In addition, conformational restrictions in the
flexibility of the peptide side chains of Tyr1 and Phe3 in der-
morphin, and short dermorphin analogues, have been shown
to cause shifts in selectivity and affinity.'’~"!

The 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one scaffold
(Aba; Figure 1) is able to fix the side chain orientation of the
Phe3 residue into the trans (y,=180°) or gauche(+) (y,=60°)
staggered conformation."”'® The incorporation of the confor-
mationally constrained dipeptide, Aba-Gly, (2) in positions 3
and 4 of dermorphin, resulted in a major increase in 9 affinity
with substantial loss of selectivity."®'? In contrast, the Tic struc-
ture 3 (Figure 1) is able to fix the gauche(+) and gauche(—)
conformations, but excludes the trans conformation of the Phe
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Figure 1. Structures of the conformationally constrained Phe analogues and
definition of the dihedral angles.

side chain. Since a profound decrease in p- and 0 affinity and
activity can be observed for the [Tic 3]dermorphin analogue,’”
it has been speculated that the bioactive conformer at the
0 opioid receptor binding site is likely to be the trans rotamer
of Phe."”

It was shown by both molecular modeling and NMR analysis
that Aba3 adopts the trans conformation (y, =180°) in [Aba3-
Gly 4ldermorphin-NH, (5)."” We have previously reported that
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the Aba-Gly structure adopts a chair-like ring conformation,
but is not able to induce a turn structure in the Ac-Aba-Gly-
NHMe model.”™ In contrast, the o-Me-substituted Aba ana-
logue adopts a boat-like ring conformation, and was shown to
be a strong B-turn inducer in this model.”" This is an analogy
to the finding that a-MePro is a stronger turn inducer than
Pro.[22,23]

Herein we compare the effects of S and R stereoisomers of
Aba and a-MeAba incorporated into the dermorphin sequence
on u- and d-opioid receptor affinity, functionality and on the
conformation of the dermorphin analogues. Whereas asym-
metric synthesis of Aba-Gly has been described,"®” only a rac-
emic synthesis of a-MeAba-Gly was reported.”?” We now also
describe the asymmetric variant of the latter.
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Results and Discussion

Synthesis

The synthesis of Boc-(S)- and Boc-(R)-Aba-Gly-OH was per-
formed starting from phthaloyl-protected (S)-Phe-Gly and (R)-
Phe-Gly, respectively, by using a N-acyliminium ion cyclization,
as described earlier."”'® Both enantiomers were incorporated
into the dermorphin sequence to give 5 and 6 by standard
solid phase peptide synthesis by using Boc chemistry and 4-
methyl-benzhydrylamine (MBHA) resin as solid support. Race-
mic Boc-a-MeAba-Gly was prepared starting from (R,S)-o-Me-
o-cyanophenylalanine, as described earlier.?" After incorpora-
tion into the dermorphin sequence, the resulting peptide epi-
mers, 7 and 8, were separated by semipreparative RP-HPLC. In
order to assign the absolute configuration of these [a-
MeAba 3]-containing epimers, asymmetric synthesis of o-
MeAba-Gly was performed. Since (R,S)-a-Me-o-cyanophenylala-
nine was conveniently obtained by phase-transfer catalyzed
(PTC) alkylation of N-benzylidene alanine ethyl ester with o-cy-
anobenzyl bromide,?" and since we obtained o-cyanophenyla-
lanine with high enantiomeric purity using a cinchonidinium-
based chiral phase-transfer catalyst,”” this method was our
first choice for the asymmetric synthesis of a-MeAba
(Scheme 1).

Numerous methods have already been reported for the
asymmetric synthesis of mono-alkylated a-amino acids from
prochiral protected glycine derivatives by PTC alkylation with a
chiral quaternary ammonium salt as catalyst.”*> In a pioneer-
ing work, O'Donnell et al. described the asymmetric synthesis
of a-methyl-a-amino acids through enantioselective phase-
transfer alkylation of the p-chlorobenzaldimine of (S)-alanine
tert-butyl ester 9a with enantiomeric excesses up to only
50%.5"

By using the more efficient N-antracenylmethyl dihydrocin-
chonidium bromide catalyst 19 Lygo et al. improved the enan-
tioselectivity for the preparation of a-MePhe to 87%.%? More

S8Ry
®

19: R' = H; R? = CH,-CH5; X=Cl
20: R' = H; R2 = CH=CH,; X=Cl
21: R" = Allyl; R2= CH,~CHj5; X =Br

ChemMedChem 2011, 6, 2035 -2047


www.chemmedchem.org

Aba- and a-MeAba-Containing Dermorphin Analogues

9a: Ar = 4-Cl-phenyl
9b: Ar = 2-naphtyl

15: R' = CH3, R = tBu 14
h
16:R' = {Bu, R=H j
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Scheme 1. Asymmetric synthesis of Boc-(S)-a-MeAba-Gly-OH (16). Conditions: a) see Table 1; b) TFA/H,0 (95:5), room temperature, overnight; c) tert-BulLi
(1.6 M), dry THF, Ar, —78°C, 1 h, 0-CN-BnBr, 10 h (72%); d) i) TFA AcN/water (3:1), room temperature, overnight (quantitative), i) HCl (6 N), 65 °C, 50 h (65 %);
e) NaOH (1 nN), MocCl, 1 h (70%); f) i) Pd/C, H,, EtOH/water, AcOH (10%), 0.34 mpa, 48 h, room temperature (85 %), ii) EDC, pyridine, AcN/H,0 (3:1), room tem-
perature, overnight (87 %); g) NaH, DMF, BrCH,COOtBu, 1 h, room temperature (47 %); h) i) HBr (33 %) in AcOH, 55°C, 1.5 h, and ii) Boc,0O, Et;N, dioxane/water

(9:1), room temperature, overnight (67 %).

recently, Chinchilla and colleagues optimized the reaction con-
ditions for the benzylation of 9a using catalyst 20. When the
2-naphthyl aldimine 9b was used instead of imine 9a, the ee
increased from 82 to 87%.°* A C,-symmetric non-Cinchona
phase-transfer catalyst, derived from (S)-binaphthol, was used
by the Maruoka group for the benzylation of 9a, with an enan-
tioselectivity of 98 %.543

With catalyst 22, which is also commercially available, the
Maruoka group obtained the same enantioselectivity (98 %) for
this reaction.®® Jew et al. reported on the synthesis of a-alkyl
alanines by phase-transfer alkylation of the 2-naphthyl aldi-
mine tert-butyl ester 9b with RoOH and O(9)-allyl-N-2’,3’,4'-tri-
fluorobenzylhydrocinchonidinium bromide (23) as a catalyst,
with up to 96% ee.®” Catalyst 23 and the N(1)-2'-cyanobenzyl
derivative 24 were also successfully applied to the synthesis of
a-amino acids with enantioselec-

CsOH as a base at —78°C. These conditions were already
proven to yield (S)-o-cyanophenylalanine in our laboratory
with an enantioselectivity of 96%.°” However, a considerably
lower ee was obtained for the alkylation of the alanine deriva-
tive (Table 1, entry 1, 40% ee). We, therefore, changed to the
third generation Cinchona catalyst of Lygo etal.,”® 20, and
used the 2-naphthyl aldimine alanine tert-butyl ester 9b, as de-
scribed by Chincilla et al.*® However, this procedure did not
improve the enantioselectivity (Table 1, entry 2, 36 % ee). In ac-
cordance with the results reported by Jew and co-workers, the
aldimine 9a, RbOH and 0O(9)-allyl-N-1-cyanobenzylhydrocincho-
nidinium bromide (24)®" catalyst were used in the alkylation
reaction, but only a moderate ee of 60% was obtained
(Table 1, entry 3).

tivities varying from 94 to
>999% ee. 83 Table 1. Enantioselective catalytic phase-transfer alkylation of 9a or 9b with o-cyanobenzyl bromide under
We have investigated the alky- | specified conditions.
lation of aldimines 9a and 9b Entry Aldimine Catalyst Base T°C t[h] Solvent ee [%)]
with o-cyanobenzyl bromide (10;
Sch 1 . . hiral 1 9a 21 CsOH -78 27 CH,Cl, 40
cheme 1) using various chiral | 5 9b 20 RbOH -20 24 toluene/CHCl, (7:3) 36
catalysts and conditions de- |3 9a 24 RbOH -35 26 toluene/CH,Cl, (5:2) 60
scribed for the reaction with 4 9a 23 RbOH -35 26 toluene 54
benzyl bromide. The results are 5 9a 24 RbOH —78 20 toluene/CH,Cl, (5:2) 13
h in Table 1 6 9a 24 CsOH -35 4 toluene 68
shown in fable {. . 7 9b 24 ROOH 35 21 toluene/CH,Cl, (5:2) 34
First, the third generation cat- | g 9b 23 RbOH -35 21 toluene/CH,Cl, (5:2) 58
alyst of Corey etal.®*? 21, was |9 9a 24 CsOH -35 4 CH.Cl, 60
used for the enantioselective |10 9a 23 CsOH —35 4 CH,Cl, 70
. . 1 9b 22 CsOH —20°C 1 toluene 40
catalytic phase-transfer alkylation
of the p-chlorobenzaldimine of [a] Enantiomeric purity was determined by HPLC analysis after hydrolysis of 11a,b to 12 and (S)-NIFE derivatiza-
. . ti .[40]
alanine tert-butyl ester 9a with on
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Switching to the O(9)-allyl-N-2',3",4'-trifluorobenzylhydrocin-
chonidinium bromide catalyst (23),%”*¥ under the same reac-
tion conditions, did not improve the enantioselectivity (entry 4,
54% ee). Lowering the temperature to —78°C (entry 5, 13%
ee), switching to CsOH as a base (entry 6, 68 % ee) by using the
2-naphthyl aldimine 9b (entry 7, 34 % ee) or/and another cata-
lyst (entry 8, 58% ee) did not improve the enantioselectivity
dramatically in comparison with entry 3. The use of only CH,Cl,
as a solvent in the enantioselective alkylation also did not lead
to further improvements (entry 9, 60% ee; entry 10, 70% ee).
Finally, the commercially available catalyst used by the Maruo-
ka group, 22,59 was applied in the phase-transfer catalysis re-
action of 9b with o-cyanobenzyl bromide. Unfortunately, this
did also not improve the enantioselectivity (entry 11, 40% ee).
These experiments demonstrate that the o-cyano substituent
drastically lowers the obtained enantiomeric excess, compared
to those obtained for alkylations by using unsubstituted
benzyl bromide. Therefore, another asymmetric synthesis
method for a-Me-o-cyanophenylalanine (12) had to be chosen.

Fortunately, various other methodologies for the asymmetric
synthesis of quaternary a-amino acids have been reported.
These include Schéllkopf's bis-lactim ether strategy,*"*? Wil-
liams’ diphenyloxazinones method,”¥ and Seebach’s oxazolidi-
none-based methodology,*” or one of its variants.**~% By
using an optimized Schéllkopf protocol, as described by Vassi-
liou et al.,”" (S)-a-Me-0-CN-Phe-HCI (12) was synthesized with
good enantioselectivity (Scheme 1).

Deprotonation of the substituted bis-lactim ether chiral aux-
iliary 17 with tBulLi, followed by an alkylation of the resulting
anion with o-cyanobenzyl bromide (10) provided compound
18 with a yield of 72% after purification by flash column chro-
matography. Hydrolysis of 18 by using TFA at room tempera-
ture, and subsequent hydrolysis of the methyl ester in HCI
(6N) at 65°C, yielded (S)-a-Me-o-CN-Phe-HCI (12) with an ee of
88%, as determined by HPLC analysis after (S)-NIFE derivatiza-
tion™” (S)-a-Me-0-CN-Phe-HCl was methyloxycarbonyl (Moc)-
protected to 13 by means of MocCl, as previously described
for the racemic compound.?” Reduction of the nitrile in 13
with H,/Pd on C provided the aminomethyl derivative, which
underwent intramolecular cyclization to 14 after activation of
the carboxylic acid by using N-(3-methylaminopropyl)-N-ethyl-
carbodiimide (EDC). N-Alkylation of Moc-(S)-a-MeAba (14) with
tBu-bromoacetate and NaH as a base provided the ester 15.
Moc deprotection and ester hydrolysis was performed by

D. Tourwé et al.

using a 33% solution of HBr in AcOH to provide the amino
acid, which was immediately converted into Boc-(S)-MeAba-
Gly-OH (16) by use of Boc,0. This enantiomerically enriched
building block was introduced into the dermorphin peptide se-
quence as described for the racemate. After cleavage from the
resin, the first eluting epimer 7 was identified to contain (S)-a-
MeAba, and hence the second eluting peptide was the corre-
sponding R epimer, 8.

Biological evaluation

The affinity and potency of compounds 1 and 5-8 for the p-
and d-opioid receptors were determined by competition bind-
ing experiments of the ligands with the receptor selective radi-
oligands PHIDAMGO (u) and [*H]llle 5,6]deltorphin-2 () in rat
brain membrane homogenates (Table 2). Comparative analysis
of the binding results revealed that (S or R)-a-MeAba 3- and (S
or R)-Aba 3- modifications on the dermorphin structure, in gen-
eral, yielded analogues that retained p-receptor preferences
and decreased receptor selectivities. The native ligand (1)
showed affinity values consistent with the literature data,™”
and exhibited a far higher selectivity than those of analogues
5 to 8. Among the analogues, two compounds (5 and 8)
proved to be as potent as the parent dermorphin (1) on the
basis of binding results; this suggests that they are more likely
to adopt conformations suitable for high-affinity ligand bind-
ing than compounds 6 and 7. Compared to the native dermor-
phin 1, [(5)-Aba 3-Gly 4ldermorphin (5) maintained subnanomo-
lar affinity for the p-opioid receptor, but showed a tenfold in-
crease in § affinity. This is in agreement with our previous re-
sults."® The R epimer 6 was substantially less potent, although
it still possessed low nanomolar affinity for the p-receptor. Sur-
prisingly, the [(R)-a-MeAba 3-Gly4ldermorphin epimer (8) was
much more potent than the S epimer, 7. Compound 8 is about
four-times less potent with the p- and &-receptors relative to
the most potent ligand [(S)-Aba 3-Gly4]dermorphin (5). Taking
these findings together, it should be noted that the introduc-
tion of the methyl substituent at the a-position of Aba is, in
the case of compound 8, well tolerated by both opioid recep-
tors.

Functional properties of the new ligands were assessed by
the widely used ligand-stimulated [**SIGTPyS binding assay.
With regard to functionality, each ligand stimulated [**S]GTPyS
binding over the basal activity. The resulting values clearly indi-

Table 2. Receptor binding affinities and selectivities.

Peptide PHIDAMGO [*HIllle 5,6]deltorphin-2 Selectivity ECso [NM] E, o [%]
K* [nm] K2 [Inm] K3/KH

Dermorphin (1) 0.2+0.05 381+31 1905 46+2 15542

H-Tyr-b-Ala-[(5)-Aba-Gly]-Tyr-Pro-Ser-NH, (5) 0.3+0.04 33.34+22 m 42+7 175+6

H-Tyr-p-Ala-[(R)-Aba-Gly]-Tyr-Pro-Ser-NH, (6) 10.3+09 612+18 59 8554151 14942

H-Tyr-b-Ala-[(5)-0-MeAba-Gly]-Tyr-Pro-Ser-NH, (7) 252+40 > 10000 - 2436 +397 123+4

H-Tyr-b-Ala-[(R)-a-MeAba-Gly]-Tyr-Pro-Ser-NH, (8) 1.1£0.1 134+10 121 184435 15343

proved to be higher than 10000.

Receptor binding affinities and selectivities of native dermorphin (1) and its constrained heptapeptide analogues 5-8, and their efficacies determined by
the ligand-stimulated GTPyS functional assays. Data are means 4 SEM of 3-5 independent experiments. No selectivity was determined when the K; value
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cate that the ligands bind the opioid receptors and activate
G proteins (Table 2). These data were compared to those of the
prototypic p-receptor ligand DAMGO (EC5,=122 nm, E, =
178 %). As can be seen, each ligand showed an agonist charac-
ter providing E.., values of 123 up to 175. Interestingly, the
tendency of ligand potencies and efficacies correlated well
with those of the K; values, that is, ligands that had low or
high p-receptor affinities, displayed similarly low or high ECg,
and proportional E,,,, values, suggesting profiles ranging from
partial to full agonists. Considering these facts, it can be con-
cluded that (S or R)-a-MeAba 3- or (S or R)-Aba 3- modifications
of the heptapeptide dermorphin do not influence functionality
and the ligands retain their G-protein binding and activating
properties.

Conformational analysis of 5 to 8

Our previous studies on dipeptide amides containing Aba-Gly
and o-MeAba-Gly demonstrated that the former adopted
mainly extended structures and the latter showed a well-de-
fined B turn.”” To investigate the persistence of these features
in the novel dermorphin compounds 5 to 8, conformational
studies by using NMR-based molecular modeling techniques
were performed.

From the initial analysis of the 1D proton spectrum two dis-
tinct sets of signals were found to occur for each of the com-
pounds. The population of the major set in 5 to 8 was deter-
mined at 82-86%. The presence in each compound of clear
exchange correlation cross-peaks in 2D ROESY that connect
both sets of resonances, indicates the presence of two confor-
mations in slow exchange (k,~1s"") on the NMR timescale.
Their presence results from cis—trans isomerization of the Tyr5-
Pro6 amide bond as proven by NOE contacts correlating Tyr5
H, with either the Hy (major), or the H, (minor; Figure S1, see
the Supporting Information).

Assignments and conformational studies of 5-8 were re-
stricted to the major conformation due to the low signal inten-
sities of the minor conformation and were obtained from the
analysis of 2D 'H,'"H TOCSY and 'H,*C HSQC/HMBC 2D NMR
spectra (Tables S3-S6 in the Supporting Information). Addition-
al conformational dependent NMR spectroscopy parameters,
that is, *J,,uy scalar couplings, Hy temperature coefficients and
Hy hydrogen deuterium exchange rates (Table 3) were deter-
mined as described in the Experimental Section.

Hydrogen-hydrogen distances were extracted from 200 ms
off-resonance ROESY spectra. The 47 interproton distances,
consisting of 22 intraresidue and 25 inter-residue (i, i+ 1) were
derived for 5. For 6, 62 proton-proton distance restraints were
obtained including 31 inter-residue (i, i+ 1) contacts. Impor-
tantly, no long-range (i, i+n; n>1) contacts were observed for
both 5 and 6; this indicates that these molecules most likely
adopt an extended structure, as expected. For 7, 52 distance
restraints were extracted corresponding to 25 intraresidue and
27 inter-residue NOE contacts including eight long-range con-
tacts. These involve Ala2 Hg, for which contacts to Tyr5 Hy, Hj,
H, and Ser7 Hy, H,, H; were found. Additionally, contacts from
Ala2 Hy to Tyr5 Hy and Hg were observed. Finally, 46 NOE con-
tacts were assigned for 8, consisting of 21 intraresidue, 21
inter-residue (i, i4+1) and four long-range contacts. Two of
these correlate with the Tyr5 Hg protons with Ala2 Hy and
Ser7 Hy. Furthermore, contacts from Ala2 Hg to Tyr5 H, and
from Aba3 H, (Figure S2, Supporting Information) to Pro6 Hg
were present. From these observations, both 7 and 8 are ex-
pected to adopt a turn-like feature. The complete set of re-
straints used for all molecules is presented in Table S8 in the
Supporting Information.

The results from this qualitative analysis of the data were va-
lidated by using NMR-based molecular modeling. Initially, a si-
mulated annealing (SA) restrained MD protocol was used for 5
and 8. However, analysis of the conformations sampled by SA
for 5 revealed that on average 21 distance restraints (45 %)
were violated with maximum violations between 0.23 and
0.45 A. The simulation reveals an extended N-terminal confor-
mation with its C terminus folding back over the Aba3 residue.
The fact that the simulated annealing protocol does not gener-
ate any conformations that satisfy the majority of the NOE re-
straints at the same time, suggests some degree of conforma-
tional flexibility of 5. Indeed, it is well known that flexible
linear peptides that are able to adopt many low-energy confor-
mations in solution, lead to averaging of the various NMR con-
straints. By imposing these averaged constraints, an averaged,
virtual, and therefore, nonexistent conformation is generated,
which does not represent the actual conformational space
available to the peptide.

In order to address this, time averaged MD simulations (tar-
MD)®* were performed instead on compounds 5-8. Such sim-
ulations generate a conformational ensemble that represents
the conformational space, that is, on average over time, in

Table 3. Temperature coefficients and deuterium exchange rates of 5-8.

AS/AT [ppbK ™ t,» (D-exchange) i [HZ] AS/AT [ppbK ™ t,» (D-exchange) e [HZ]
5 6 5 6 5 6 7 8 7 8 7 8
Tyr1 —1.47 —1.60 1 1 5.64 5.16 Tyr1 —1.40 - 1 - 5.75 -
p-Ala2 —4.47 —3.94 92 1 8.04 7.79 p-Ala2 —4.07 —3.00 190 1 7.76 7.72
Aba3 —6.10 —5.86 100 100 7.65 7.02 Aba3 —5.50 —6.01 100 100 o o
Tyrs —6.53 —6.48 58 100 8.22 8.32 Tyrs —5.03 —473 87 4000 8.43 8.22
Ser7 —4.23 —4.29 17 29 7.85 8.86 Ser7 —4.40 —5.03 33 400 7.97 7.96

Temperature coefficients in the 298 to 328 K interval, deuterium exchange half-lifetimes (normalized to Aba3) and scalar coupling constants of amide pro-
tons (and ammonium protons for Tyr 1). [a] Ammonium protons not observed; [b] C,-methylated residue.
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agreement with the available NMR data. Therefore, NMR con-
straints need not be instantaneously and simultaneously satis-
fied and individually sampled conformations are allowed to
violate part of the NMR data at any specific time point in the
trajectory. Yet, this protocol forces each restraint to be satisfied
on average over a certain simulation time interval (here
chosen to be 8 ns).

A view of the conformational space sampled during the tar-
MD trajectories for 5-8 is shown in Figure 2, and the distribu-
tion of main chain @, ¥ dihedral angles for the five internal res-
idues are presented by using Ramachandran plots (Figure 3).
These charts allow a better appreciation of the extent of the
conformational space sampled by each individual amino acid
backbone during the trajectory. Comparison with the &% di-
hedral angles obtained from the simulated annealing restrain-
ed MD protocol (Figure3) clearly shows the detrimental
impact of imposing averaged constraints, thereby generating
virtual conformations with unfavorable energies. For 5, for in-
stance, the simulated annealing protocol results in a single
Pro6 population in an unfavorable area of the Ramachandran
map, whereas application of tar-MD populates the two ener-
getically favored conformations. For other residues, the local
conformations, generated by the SA approach, fit quite well to
the conformational space in the tar-MD ensemble (e.g., Aba3).

Aba3

Gly4

D. Tourwé et al.

Figure 2. Overlay of 70 conformations of 5-8 uniformly sampled from the
last 78 ns of 80 ns time-averaged restrained MD simulations. Superpositions
are based on all heavy atoms of Aba3 and Gly4 residues. No side chains are
shown except for Aba3.

Tyr5 Pro6

oy

-180 0 180
Angle / deg

-180 0 180
Angle / deg

—-180
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0 180 -180 0 180
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Figure 3. Ramachandran plots of dermorphin analogues 5 to 8 resulting from tar-MD (gray) and SA (red) simulations.
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The most evident and unambiguous difference in conforma-
tion between the compounds that can be observed when
comparing these plots is evident for the Aba3 residue. Com-
paring 5, 6 with 7, 8 clearly shows the former pair to adopt
mainly (and 6 exclusively) an extended conformation in the en-
semble, whereas the latter pair adopt mostly (and 7 exclusive-
ly) a helical conformation, in agreement with the qualitative
analysis above. The C-terminal Pro6 is shown to cover the
entire energetically allowed @,% space, indicating flexibility at
the C terminus. For 7, however, the ¥ angle remains confined
to the helical area. Within each group, the impact of the
change in stereochemistry of the Aba3 residue results mostly
in the inversion of the populated areas, as can be expected.
Similar conformational spaces are covered by p-Ala2, with
both extended and helical character present, except for 8, in
which only extended conformations appear (Figure 3). Other
trends that can be observed are less general. While Tyr5 popu-
lates clearly different areas when comparing 5 and 6, which
suggests a link to the Aba3 stereochemistry, no such differ-
ence is apparent in 7 and 8. Finally, the behavior of the Gly4
residue is least amenable to interpretation. For 6-8, mostly a
single helical region is populated for this residue, but no evi-
dent link with the stereochemistry of the preceding Aba3 is
apparent.

While in 5, the p-Ala2-Aba3 dipeptide is rather well-defined
and mostly occupies an extended conformation, the larger
@D, space accessed by the Gly4-Tyr5 dipeptide in 5 suggests
a more flexible C-terminal segment, whereby the C terminus is
folded back towards the N terminus by two distinct conforma-
tions on opposing sides of the molecule, as clearly evident
from Figure 2. Despite this back-folding, no turn-like structure
is adopted. Furthermore, no hydrogen bonds were observed in
this set of molecules, which is in good agreement with the
measured temperature coefficients and hydrogen—deuterium
exchange rates.

Considering that on average 19 distance restraints (40 %)
were still violated with a maximum violation of 0.35 A in the
tar-MD trajectory of 5, no significant drop in violations is ob-
served when compared to the previous simulated annealing
results. In all, 5 can be considered a flexible molecule without
any regular structural elements.

On average, 13 distance restraints (21%) were violated for 6
with an average violation of 0.11 A, giving a satisfactory agree-
ment. Here, the backbone of Gly4 and Tyr5 is restricted to one
single conformation. Compared to 5, this results in a peptide
conformation in which the C terminus is still folded toward the
N terminus of the peptide but only along one side of the
Aba3 residue, resulting in a more defined overall conforma-
tion. Again, no stabilizing hydrogen bonds were observed in
the set of conformations modeled and no classical turn-like
structure is adopted. This agrees with the experimental tem-
perature coefficients and hydrogen-deuterium exchange rates
measured. In all, the core tripeptide of 6 can be considered to
adopt a single but rather flexible conformation without any
regular structural elements.

For 8, 19 distance restraints were violated on average, but
none more than 0.37 A while the measured 3J,,, scalar cou-
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pling constants of p-Ala2 and Ser7 were reproduced within
0.4 and 0.2 Hz, respectively. For the Tyr5 residue a scalar cou-
pling of 7.3 Hz was obtained during the tar-MD simulation (ex-
perimental: 8.22 Hz). This simulation clearly shows well-defined
major and minor conformations for the p-Ala2, Aba3, Gly5 res-
idues and a single conformation for Gly5, while Pro6 popu-
lates two conformations similar to those observed for 5 and 6.
Overall, a clear turn structure is visible over Aba2-Gly3, which
is closed by a hydrogen bond involving Tyr5 Hy and b-Ala2
CO. In the major conformation, a second hydrogen bond is ad-
ditionally present between p-Ala2 Hy and Tyr5 CO. For the
minor conformation the C-terminal residues adopt a wider
range of conformations. The distance and angles defining the
geometry of the Tyr5 Hy to p-Ala2 CO hydrogen bond is pre-
sented in Figure 4, which shows that values leading to an ener-

-
ford
o
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Angle / deg
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o

0 5 10 0 5 10 0 60 120 180
riA r/A Angle / deg

60
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0 5 10 0 5 10 0 60 120 180
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Figure 4. N—H—0=C distances (A) and angles (°) of the p-Ala2 Hy~Tyr5 CO
hydrogen bond observed during tar-MD simulations of 7 (top panel) and 8
(lower panel).

getically favorable geometry (i.e., 2.4 A and 150° for the hydro-
gen bond distance and angle, respectively) is on average
adopted in the ensemble.

For the second hydrogen bond, values of 2.6 A and 120°
were obtained, indicating a less optimal geometry. Based on
the mean ¢ and v angles of Aba3 (47°, 55°) and Gly4 (118°,
—10°), this turn structure can be classified as a type |’ p-turn.
The stability of the secondary structure element is supported
by the very slow exchange rate of Tyr5 Hy, which also features
a lower temperature coefficient of —4.73 ppbK™' (cfr.
—6.48 ppbK™' for 6). An even smaller temperature depend-
ence of —3.00 ppbK™" is observed for the p-Ala2 residue. How-
ever, the p-Ala2 Hy can be efficiently exchanged. This is in line
with the fact that this hydrogen bond is not persistent since it
is not featured in the minor conformation.

Finally, the most populated conformation of the Aba3 and
Gly4 residues in 7 presents an inverse geometry with respect
to 8 (Figure 3). This is further reflected in the seven-membered
ring geometry (Table 4).

A turn-like structure is again apparent, closed by the same
Tyr5 Hy to p-Ala2 CO hydrogen bond as in 8. Given the inver-
sion of all torsion angles of the Aba3-Gly4 dipeptide, com-
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Table 4. Aba3 conformation of 5-8.

% Aba3 ¢ Aba3y Aba3yl Aba3y2 Aba3y5 Aba3y4

5 941 -165 175 180 0 —60 60
6 100 165 —165 180 0 50 —65
7 100 -50 -50 60+20 15£20 50 -60
8 928 60 60 —65+20 —-5£20 —45 55

Population (%) and geometry (dihedral angles, deg, see Figure 1) of the
major conformation of the seven-membered ring in four dermorphin ana-
logues 5-8 from the 80 ns tar-MD simulations.

pared to 7, this turn can be classified as a type | 3 turn. The hy-
drogen bond has a similar and favorable geometry as the cor-
responding one in 8 (Figure 3), but is less persistent during the
simulation, since it is clearly absent during a short time in the
tar-MD trajectory. The existence of a second hydrogen bridge
involving p-Ala2 Hy was only observed during about 20% of
the total simulation. The existence of the hydrogen bond in-
volving Tyr5 Hy and p-Ala2 CO is corroborated by the many
long-range NOE contacts observed in this compound. On the
other hand, the measured temperature dependence of the
amide protons and their hydrogen-deuterium exchange rates
are not clearly indicative for this feature as a considerably fast
deuterium exchange rate was recorded for Tyr5 Hy in 7, sup-
porting a lower persistence than in 8. Even though the latter
experimental parameters average over a much longer time
scale than the one sampled during the simulation, the com-
bined result does suggest a more stable -turn closing hydro-
gen bond in 8 than in 7.

In none of the analogues 5-8, evidence for a stacking of the
pD-Ala2 methyl between the Tyr1 and Aba3 aromatic rings, as
found for the parent dermorphin (1), was observed. The chem-
ical shift of the p-Ala2 methyl signals was found at 1.11 to
1.13 ppm and not below 1 ppm as for 1. Remarkably, the ring
conformation of the seven-membered azepinone ring of Aba3
is different in the non-a-methylated analogues 5 and 6, in
which the y, is trans, compared to the a-methylated analogues
7 and 8, in which y, is gauche (Table 3). In contrast, previous
conformational studies on Ac-a-MeAba-Gly-NH-Me have
shown a trans ring conformation in solution and in the crys-
tal.”" Theoretical conformational studies showed that the
gauche conformation was the lowest energy one, the trans
having 2.34 kJmol™" higher energy. This indicates that the pep-
tide sequence is able to switch preference between the two
conformations.

Conclusions

Asymmetric phase-transfer catalysis was not able to provide
(S)-a-Me-o-cyanophenylalanine (12) in acceptable enantiomeric
purity. However, by using a Schollkopf chiral auxiliary, this im-
portant intermediate was obtained in 88% ee, and it was fur-
ther transformed into (S)-a-MeAba-Gly (16). This allowed the
preparation of the Phe3 constrained analogues of dermorphin
7 and 8, and to compare the opioid affinities, selectivities and
functional properties to those of the non-a-methylated Aba-
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dermorphin analogues 5 and 6. In agreement with previous re-
sults, the [(S)-Aba3-Gly4]dermorphin (5) retained p-opioid af-
finity but displayed an increased 9§ affinity. The corresponding
R epimer 6 was much less potent. In contrast the [(R)-a-
MeAba 3-Gly 4]dermorphin isomer 8 was more potent than its
S epimer, 7. This is in agreement with previous results for the
related [spiro-Aba 3-Gly 4]lendomorphin isomers, for which the
R epimer is the most potent, whereas in [Aba 3-Gly 4lendomor-
phin the S enantiomer is the most potent.””

For the non-methylated dermorphin analogues 5 and 6, tar-
MD simulations showed a degree of folding of the C terminus
residues toward the N terminus of the peptide, without adopt-
ing a stabilizing B-turn conformation, however, and with con-
siderable flexibility, especially for 5. Both 7 and 8, on the other
hand, exhibited a type I/I' B-turn conformation over the Aba3
and Gly4 residues stabilized by a hydrogen bond involving
Tyr5 Hy and p-Ala2 CO. For 8 this is nicely correlated to the
hydrogen-deuterium exchange rate. For 7 the modeling re-
sults indicate that this hydrogen bond is less persistent and is
therefore not reflected in its hydrogen-deuterium exchange
rate. A second hydrogen bond involving b-Ala2 Hy and
Tyr5 CO has been observed in 8, although also in this case its
persistence is not clearly reflected in its hydrogen-deuterium
exchange rate. This conformational study clearly shows the in-
fluence of the methylation of Aba3 C, on the conformational
behavior of these dermorphin analogues in [D;]DMSO solution.
However, the Aba3 C, stereochemistry has been shown to
have less effect on the overall conformational preference of
the peptide.

The opioid receptor affinities of analogues 5 and 8 were
shown to be very similar. Nevertheless, both analogues show a
different conformational preference. This might indicate that
these flexible ligands are able to adapt their conformation on
binding to the receptor in order to obtain a common binding
topography of the pharmacophoric groups.

Experimental Section

General: All Boc-protected amino acids-AA-OH were obtained
from Fluka (Bornem, Belgium) as well as diisopropylcarbodiimide
(DIC), 1-hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA), and
dichloromethane. The MBHA resin (0.95 mmolg™') was purchased
from Neosystem (Strasbourg, France). All other reagents were from
Sigma-Aldrich (Bornem, Belgium). 2-1H(Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU) was purchased from
Senn Chemicals (Dielsdorf, Switzerland). H-Tyr-p-Ala-NMePhe-Gly-ol
(DAMGO), tris(hydroxymethyl)aminomethane (Tris, free base), bovin
serum albumin (BSA), guanosine-5'-[y-thio]triphoshate (GTPyS), in-
organic salts, organic solvents and HCl (37 %) were purchased from
Sigma-Aldrich and Molar, Kft. (Budapest, Hungary). The tritiated
opioid ligands were prepared in the Isotope Laboratory of the Bio-
logical Research Center (HAS-BRC, Hungary). The radiolabeled
GTPyS ([**SIGTPyS; specific activity >1000 Cimmol~'") was ordered
from the Izotop Intezet, Kft. (Hungary).

RP-HPLC (Waters Breeze analytical HPLC system) was performed by
using a RP C-18 column (Supelco Discovery BIO Wide Pore C-18,
/=25 cm, d=0.45 cm, PS=5 pm) with a mobile phase consisting
of water/acetonitrile containing TFA (0.1%). Products were eluted
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by using the gradient: t=0min, 3% CH;CN, t=20 min, 97%
CH,CN; flow-rate: 1.0 mLmin~, A=215nm. Preparative HPLC
(Gilson semipreparative HPLC system) was performed by using a
RP C-18 column (Supelco Discovery BIO Wide Pore C-18, /=25 cm,
d=2.12 cm, PS=10 um) with the above-mentioned gradient at a
flow-rate of 20.0 mLmin~". TLC analysis was performed on plastic
sheets precoated with silica gel 60F,s, (Merck). Melting points were
measured with a Blichi B 540 melting point apparatus, with a tem-
perature increment of 1°Cmin~". 'H and "*C NMR spectra were re-
corded at 250.13 and 62.90 MHz, respectively, with a Bruker
Avance DRX250 spectrometer, by using TMS or the residual solvent
signal as internal reference. Mass spectra were recorded on a VG
Quattro" spectrometer by using electrospray ionization in positive
ion mode (Micromass, Manchester, UK). For LCMS recording, a
Waters Breeze analytical HPLC with manual injector, UV detector
(2487, 215 nm) and Waters 600E pump was coupled to the VG
Quattro" spectrometer. The runs were performed on a reversed
phase C-18 column (Supelco Discovery BIO Wide Pore C-18, /=
25 cm, d=4.6 mm, PS=5 pm) with a mobile phase consisting of
water/acetonitrile containing TFA (0.1 %). Products were eluted by
using the gradient: t=0 min, 3% CH5CN, t=20 min, 97% CH,CN;
flow-rate: 1.0 mLmin~", A =215 nm.

Peptide synthesis

Peptide synthesis was performed manually in fritted polypropylene
syringes (10 mL), which were shaken during coupling, washing, de-
protection and cleavage steps. The N-terminal dermorphin ana-
logues 1 and 5-8 were manually prepared by solid-phase synthesis
by using Boc chemistry and the MBHA resin (0.95 mmolg™') as
solid support. The resin was swollen in CH,Cl, for 1 h followed by
treatment with 20% DIPEA/CH,CI, to neutralize. Side chain protect-
ing groups were used in the case of Ser(Bn) and Tyr(2,6-Cl,Bn).
Peptides 5 and 6 were prepared by using a threefold excess of the
amino acids and a twofold excess of the (S)-Aba-Gly and (R)-Aba-
Gly building blocks together with TBTU (4 and 3 equiv, respective-
ly) as a coupling reagent and DIPEA (8 and 6 equiv, respectively) as
base in a mixture of anhydrous DMF/anhydrous CH,Cl, (1:1). A
threefold excess of the amino acids and coupling reagent (DIC)
were used together with a threefold excess of HOBt anhydrous in
a DMF/anhydrous CH,CI, (1:1) solvent mixture to prepare peptides
7 and 8. The completeness of the couplings was checked with the
NF-31 test.”™ If incomplete, the coupling was repeated. Boc depro-
tections were performed in 50% TFA/2% anisol/CH,Cl, (1x10 and
1% 20 min). When the SPPS was completed, the resin was washed
with CH,Cl, three times and then neutralized with 20% DIPEA/
CH,Cl, solution (3x1 min). Between every coupling, deprotection
and cleavage step the resin was washed three times with DMF,
iPrOH and CH,Cl,. Final cleavage of the peptide from the resin was
done by treatment with HF;, (Asti, France) for 1 h at 0°C. Anisol
(2ml) and HF;, (10 mL) were used for 1g peptide-resin. After
evaporation of the HF under vacuum the crude peptide was pre-
cipitated with cold dry ether and filtered. The precipitated peptide
and resin beads were washed with glacial acetic acid. The filtrate
was lyophilized and these crude mixtures were purified by prepara-
tive HPLC with a final purity >99%. Peptide purity and identity
was determined by LCMS.

Biology

Radioligand binding assay: For competitive binding experiments,
rat brain membrane homogenate (Wistar, male, 250-300 g body
weight) was prepared as described elsewhere.”® Animals were
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treated according to the European Communities Council Directives
(86/609/ECC) and the Hungarian Act for the Protection of Animals
in Research (XXVIIl.tv. 32.8). The protein content of the homoge-
nate was determined by the method of Bradford®” by using BSA
as standard. The protein concentration ranged between 0.2-
0.4 mg per test tube. The following conditions were applied to
assess inhibitory constants: [*HIDAMGO (25°C, 1h, GF/C filter,
glass tube), [HIllle 5,6]deltorphin-2 (35°C, 45 min, GF/B filter, plas-
tic tube, 0.25 mg BSA per tube). The incubation mixtures were
filled to a final volume of 1 mL with Tris-HCI buffer (50 mm, pH 7.4)
and samples were incubated in a shaking water-bath at the appro-
priate temperature. Competition binding experiments were per-
formed by incubating the membranes with [*HIDAMGO (0.5 nwm),
[*H][lle 5,6]deltorphin-2 (2nm) and increasing concentrations
(107""-10">m) of the unlabeled dermorphin analogues. Nonspecific
binding was determined with naloxone (10 um) and subtracted
from the total binding to yield specific binding. Incubation was ini-
tiated by the addition of the membrane suspension and stopped
by rapid filtration over Whatman GF/C or GF/B glass fiber filters, by
using a Brandel cell harvester. Filters were washed with ice-cold
Tris-HCI buffer (pH 7.4; 3x5 mL), and then the filter-bound radioac-
tivity was measured in an Optiphase Supermix scintillation cocktail
(PerkinElmer) by using a TRI-CARB 2100TR liquid scintillation coun-
ter. Each experiment was performed in duplicate and analyzed by
the one/two-site binding competition fitting option of the Graph-
Pad Prism software (Version 4).

Ligand-stimulated [**S]GTPyS functional assay: Ligand-stimulated
[**SIGTPyS binding was performed as described elsewhere.”® Brief-
ly, rat brain membranes (15 ugprotein per tube) were incubated
with [**SIGTPyS (0.05 nm) and opioids (107 '°-10">m) in the pres-
ence of GDP (30 um), NaCl (100 mm), MgCl, (3 mm) and EGTA
(1 mm) in Tris-HCl buffer (50 mm, pH 7.4) for 60 min at 30°C. Basal
binding activity was measured in the absence of opioids and was
corrected with the nonspecific binding to yield specific binding.
Nonspecific binding was determined with unlabeled GTPyS
(10 um). The reaction was initiated by the addition of the protein
and terminated by the addition of ice-cold buffer (5 mL, 50 mm
Tris-HCl, pH 7.4); then the samples were filtered through a What-
man GF/B glass fiber filter by using a Brandel cell harvester. Vials
were washed three times with ice-cold buffer (5 mL), and then im-
mersed in Optiphase Supermix scintillation cocktail. The radioactivi-
ty was measured by using a TRI-CARB 2100TR liquid scintillation
counter. Ligand stimulations were expressed as a percentage of
the specific [**SIGTPyS binding over the basal activity. Each mea-
surement was performed in triplicate and analyzed by the sigmoid
dose-response curve fitting option of the GraphPad Prism software
(Version 4).

NMR investigation of 5-8

Samples are prepared by using standard high performance 5 mm
NMR spectroscopy tubes with solutions of 5-8 (~5mm) in
[Dg]DMSO. All experiments used for assignments were performed
either on a Bruker DRX spectrometer (5, 8) equipped with a 5 mm
TXI-Z probe and operating at a 'H and "*C frequency of 500.13 and
125.77 MHz, respectively, or on a Bruker Avance" spectrometer (6,
7) equipped with a 5 mm TXI-Z probe and operating at a 'H and
3C frequency of 700.13 and 176.06 MHz, respectively. The temper-
ature used was 298 K throughout. All 1D and 2D experiments were
performed by using pulse sequences available from the standard
Bruker library.®¥ Gradient enhanced sequences were used for the
COSY and heteronuclear 2D experiments. TOCSY mixing times of
200 ms range were used. The HMBC spectra were optimized for
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8 Hz long-range "Jo couplings. Typically, 2D spectra consisted of
512 t, increments of 8-32 scans each, sampled with 4 k points.
Prior to Fourier transformation, the data were zero-filled along t,
and suitably apodized by using a squared cosine bell in both di-
mensions, except for the COSY and HMBC, for which a squared
sine bell was used. The '"H chemical shifts were obtained by using
1D proton NMR spectroscopy if resolved or deduced from 2D NMR
cross-peaks otherwise.

Temperature coefficients were measured from additional 1D
proton NMR spectra at 308, 318 and 328 K. The 3J,,, scalar coupling
constants were extracted from the 1D 'H spectrum at 298 K. The
'H-2H exchange rates of amide protons were obtained by integrat-
ing amide resonances from 1D 'H spectra recorded after spiking
the sample with a small amount of D,O. All processing and analysis
of these spectra was performed by using Bruker TopSpin 2.1 soft-
ware suite.

NMR distance restraints for 5-8 were extracted from 'H-'H off-res-
onance ROESY spectra® recorded at a magnetic field strength of
700.13 MHz for protons. The 4 k by 1 k data points were recorded
in the direct and indirect dimension, respectively. Then 64 scans
were recorded for each increment by using a total interscan relaxa-
tion delay of 1.9 s. Off-resonance irradiation was performed during
200 ms by using a irradiation strength of 10 kHz and an offset of
+5773.5 Hz. Spectra were Fourier transformed after apodization
with squared cosine window functions in both dimensions result-
ing in a spectrum of 4 k by 4 k data points.

Cross-peaks were assigned and integrated manually within the
CC NMR software suite® and converted to interproton distances
by using an R~® conversion. Contacts between methylene moieties
were used as a calibration for this conversion. Upper boundaries
were set at 110% of the experimental NOE distance while lower
boundaries were fixed at 1.8 A. Non-stereospecific NOE contacts
were treated by introducing pseudoatoms and increasing the
upper bound of the restraint by a fixed value.*?

Molecular modeling of 5-8

Molecular modeling studies by using the classical simulated an-
nealing®®” approach were performed within the Discover3
module of Insight" (Accelrys) by using the built-in consistent force
field (CFF91).5¥ Partial atomic charges were generated by using
the standard module within Insightll. A distance dependant scaling
for electrostatic interactions was used as a basic implicit solvent
model in all calculations. During an initial unrestrained MD simula-
tion of 5.5 ns at 1000 K, 100 conformations of 5 to 8 were uniform-
ly sampled over the last 5ns of the trajectory. While subjecting
each of these 100 conformations to the experimental NOE distance
constraints short MD (1.5 ps) simulations were subsequently ran at
decreasing temperatures down to 300 K. At 300 K, an additional
4 ps MD simulation was performed. NOE distance restraints were
introduced by using 40 kcalmol™' A= harmonic potentials when
the experimental distance boundaries were exceeded. Additionally,
each conformation obtained was subjected to a full restrained
energy minimization by using the same potential for the NOE re-
straints. During all simulations, dihedral angle restraints were intro-
duced by keeping each peptide bond in the trans configuration.
No scalar couplings were used as restraints within the molecular
modeling scheme.

Molecular modeling studies by using the time-averaged restraints
molecular dynamics (Tar-MD) approach® were performed within
the Sander module of AMBER9® with the built-in GAFF®” force
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field. AM1-BCC charges®®® generated by the antechamber module
were used as partial atomic charges for 5-8. Averaging of restrain-
ed proton-proton distances was performed by using an R° rela-
tionship and an exponentially decaying function [Eq.(1)]. The
memory decay constant, 7, was set to 8 ns. These restraints were
used in a single 80 ns MD simulation at 300 K by using a scaling
factor of 57 (corresponding to DMSO) for electrostatic interactions
as basic implicit solvent model.

R(t/)—ée(r’—t)/rdt/

o

Rrar (t)ﬂs: 3
f elt'=t)/tdt!
0

NOE distance restraints were introduced by using 2 kcalmol™' A2
flat-bottomed harmonic potentials. During all simulations, dihedral
angle restraints were introduced by keeping each peptide bond in
the trans configuration. No scalar couplings were used as restraints
within the molecular modeling scheme.

Synthesis

2-(((2R,55)-2-Isopropyl-3,6-dimethoxy-5-methyl-2,5-dihydropyra-
zin-5-yl)methyl)benzonitrile (18): A solution of tBuli (1.6Mm;
15.75 mL, 25.2 mmol) was added dropwise to a solution of
(2R,55R)-2-isopropyl-3,6-dimethoxy-5-methyl-2,5-dihydropyrazine
(17; 5.0 g, 25.2 mmol, 5 mL, p=1gmL"") in dry THF (50 mL) under
argon atmosphere at —78°C. The resulting solution was stirred at
—78°C for 1 h and treated carefully with a solution of o-cyanoben-
zyl bromide (6.5 g, 33.3 mmol, 1.32 equiv) in dry THF (70 mL). The
reaction mixture was stirred at —78°C for 10 h. The mixture was al-
lowed to warm slowly to room temperature and was subsequently
quenched with a saturated NH,Cl solution (80 mL). The aqueous
layer was twice extracted with Et,O (80 mL). The combined organic
phases were washed with brine (150 mL) and dried over MgSO,.
After removal of the solvent in vacuo, the crude was purified by
flash column chromatography (CH,Cl./petroleum ether 1:1—100%
CH.Cl,) to give 18 (5.7 9, 72%): R=0.40 (CH,Cl,/CHCl; 9:1); mp:
51.2-53.9°C; [alp=+15 (c=1 in CH)l); 'HNMR (DMSO,
250 MHz) 6,=0.51 (d, J/=6.8 Hz, 3H), 0.89 (d, /=6.9 Hz, 3H), 1.43
(s, 3H), 204 (m, 1H), 3.03 (d, J=13.1Hz, 1H), 3.17+3.24 (AB
system, Jug=13.1 Hz, 2H), 3.63 (s, 6H), 7.17 (d, J=7.4 Hz, 1H), 7.37
(t, J=7.6 Hz, 1H), 7.56 (t, J/=7.7 Hz, 1H), 7.70 ppm (d, /=7.7 Hz,
TH); ®CNMR (DMSO, 63 MHz) 6c=16.2, 19.1, 284, 29.9, 44.5, 52.0,
52.1, 59.1, 59.6, 1134, 118.2, 127.4, 130.6, 132.4, 132.5, 140.3, 161.5,
163.1 ppm; MS (ES+): m/z 314 [M+H]", 282, 197; HPLC t;=
19.9 min.

a-Methyl-(S)-o-cyanophenylalanine hydrochloride (12): Trifluoro-
acetic acid (10.3 mL) was added to a solution of 2-(((2R,5S)-2-iso-
propyl-3,6-dimethoxy-5-methyl-2,5-dihydropyrazin-5-yl)methyl)ben-
zonitrile (18; 5.6 g, 179 mmol) in acetonitrile/water (82 mL, 3:1)
and the resulting solution was stirred, overnight (~10h). After
evaporation, the residue was diluted with ethyl acetate (100 mL)
and water (80 mL). The aqueous layer was neutralized with a 5%
solution of NaHCO; and extracted with CH,Cl, (4x80 mL). The or-
ganic phase was dried over MgSO, and evaporated to give -
methyl-(5)-o-cyanophenylalanine methyl ester hydrochloride (4.1 g,
100%); Ri=0.66 (EBAW); mp: 59.8-62.4°C; [a]l,=—3.8 (c=1 in
CH,CL,); "H NMR (DMSO, 250 MHz) 8,,=0.83 (brs, 2H), 1.19 (s, 3H),
3.04 (d, J=3.7Hz, 1H), 3.09 (d, J=5.4Hz, 1H), 3.63 (s, 3H), 7.39-
7.46 (m, 2H), 7.61 (t, J=7.6 Hz 1H), 7.75 ppm (d, J=7.7 Hz, 1H);
3C NMR (DMSO, 63 MHz) 6.=24.7, 44.1, 51.9, 583, 113. 2, 118.40
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(—CN), 127.4, 131.5, 132.4, 132.6, 140.5, 176.4 ppm; MS (ES+): m/z
437,219 [M+H]*, 159; HPLC t;=9.5 min.

Next, a solution of a-methyl-(S)-o-cyanophenylalanine methyl ester
hydrochloride (3.9 g, 17.9 mmol, 1.0 equiv) in HCI (6N, 70 mL) was
stirred for 55 h at 65 °C and subsequently cooled to room tempera-
ture, which induced partial crystallization. The white crystals were
filtered and rinsed with a minimum amount of cold HCI (6N). The
remaining product was obtained after evaporation under high
pressure (2.8 g, 0.8 g crystals+2.0 g crude; 65%): R;=0.51 (EBAW);
mp: 192.8-194.1°C; [al,=—5.0 (c=1 in H,0); 'HNMR (DMSO,
250 MHz) 6,,=1.46 (s, 3H), 3.34 (d, J=14.2Hz, 1H), 340 (d, J=
144 Hz, 1H), 7.48 (d, J=7.4 Hz, 1H), 7.54 (t, J=7.7 Hz, 1H), 7.68 (t,
3J=74Hz, 1H), 7.82 (d, J=7.6Hz, 1H), 885ppm (brs, 3H);
3CNMR (DMSO, 63 MHz) 0=20.7, 40.0, 59.1, 113.3, 117.8, 1284,
131.8, 133.1, 137.4, 171.4 ppm; MS (ES+): m/z 205 [M+H]*, 159;
HPLC t,=28.3 min; ee (%) 88.

N-Methyloxycarbonyl-a-methyl-(S)-o-cyanophenylalanine  (13):
Methylchloroformate (8.7 mL, 113.0 mmol, 10.0 equiv) was added
to a solution of a-methyl-(S)-o-cyanophenylalanine hydrochloride
(12; 2.7 g, 11.3 mmol, 1.0 equiv) in a NaOH solution (1N, 80 mL).
After being stirred for 1 h, the reaction mixture was cooled by use
of an ice-bath and acidified to pH 2-3 with HCl (6 N). The aqueous
phase was extracted with cold CH,Cl, (4x 140 mL). The combined
organic layers were washed with water (pH 2, 1x 140 mL). The or-
ganic phase was dried (MgSO,), filtered and evaporated. A yellow
oil was obtained and used in the next step without further purifi-
cation (2.1 g, 70%): R;=0.83 (EBAW); [al,=—17.6 (c=1 in CH,Cl,);
"HNMR (DMSO, 250 MHz) 8,=1.14 (s, 3H), 3.24 (d, J=13.7 Hz,
1H), 3.49 (d, J=143 Hz, 1H), 3.56 (s, 3H), 7.27 (d, J=7.7 Hz, 1H),
744 (t, J=7.6Hz, 1H), 7.64 (t, J=7.6Hz, 1H), 7.78 ppm (d, J=
7.7 Hz, 1H); *CNMR (DMSO, 63 MHz) 8.=22.3, 385, 51.4, 58.7,
113.6, 118.4, 127.6, 132.0, 132.7, 132.9, 140.5, 155.6, 174.9 ppm; MS
(ES+): m/z 809, 547, 285 [M+Nal", 217, 188; HPLC t;=11.8 min.

4-(S)-Methyloxycarbonylamino-4-methyl-1,2,4,5-tetrahydro-2-
benzazepin-3-one (14): Pd/C (10%, 40 wt.%, 0.796 g) and an aque-
ous AcOH solution (10%, 5.9 mL, 11.4 mmol, 1.5 equiv) were added
to a suspension of N-Moc-a-methyl-(S)-o-cyanophenylalanine (13;
2.0g, 7.6 mmol, 1.0 equiv) in EtOH/H,0 (3:1, 65 mL). The suspen-
sion was hydrogenated in a Parr apparatus (0.34 mpa, room tem-
perature, 2 days). The mixture was filtered over dicalite and rinsed
with water. After evaporation of the solvent, the residue was crys-
tallized from a minimum amount of hot EtOH and gave N-methyl-
oxycarbonylamino-o-methyl-(S)-o-aminomethylphenylalanine

(1.7 9, 85%): R;=0.69 (EBAW); mp: 219.2-220.1°C; [al,= +2.4 (c=
1 in H,0); "H NMR (DMSO, 250 MHz) 6,=1.52 (s, 3H), 3.01 (d, J=
13.8 Hz, TH), 3.30 (d, J/=13.7Hz, 1H), 3.57 (s, 3H), 3.80 (d, J=
13.0 Hz, 1H), 4.02 (d, J=13.1 Hz, 1H), 6.65 (brs, TH), 7.07 (d, J=
6.9Hz, 1H), 7.16-7.27 (m, 3H), 8.45ppm (brs, 2H); CNMR
(DMSO, 63 MHz) 6.=24.8, 36. 7, 40.1, 51.0, 60.5, 126.1, 128.1,
130.6, 131.3, 132.8, 1384, 154.4, 175.1 ppm; MS (ES+): m/z 289,
267 [M+H]*, 250, 204, 190; HPLC t;=8.1 min.

Next, a solution of N-Moc-a-methyl-(S)-0-aminomethylphenylala-
nine (1.64 g, 6.2 mmol, 1.0 equiv) and pyridine (1 mL, 12.4 mmol,
2.0 equiv) in CH;CN/H,O (3:1, 500 mL) was cooled in an ice-bath
for 10 min, followed by the addition of N-(3-methylaminopropyl)-
N'-ethylcarbodiimide (1.55g, 8.1 mmol, 1.3 equiv, EDC). After
30 min the ice-bath was removed and the reaction mixture was
stirred, overnight. After evaporation of the solvent, a white solid
was obtained. This residue was redissolved in water (300 mL) and
extracted with CH,Cl, (4x300 mL). The organic layer was washed
with H,0 (2x240 mL), dried (MgSO,), filtered and evaporated. The
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combined aqueous phases were evaporated again, redissolved in
H,O (300 mL), and extracted with CH,Cl, (3x300 mL). The organic
layer was washed with H,O (150 mL), dried (MgSO,), filtered and
evaporated to yield a white solid (1.3 g, 87%): R=0.13 (EtOAc);
mp: 187.2-188.6°C; [al,= +31.7 (c=1 in CH,Cl,); 'H NMR (DMSO,
250 MHz) 84=0.99 (s, 3H), 2.52 (d, J=13.2 Hz, 1H), 3.53 (s, 3H),
3.79 (dd, /=145, 7.7 Hz, 1H), 3.99 (d, J=13.8 Hz, TH), 4.58 (d, J=
143 Hz, 1H), 7.12-7.26 (m, 4H), 7.64 (s, TH), 780 ppm (d, J=
6.1 Hz, TH); ®*C NMR (DMSO, 63 MHz) d.=25.5, 40.9, 44.0, 51.1,
58.2, 126.7, 127.1, 127.7, 130.2, 137.5, 138.6, 155.8, 174.3 ppm; MS
(ES+): m/z 535, 519, 497, 287, 271, 249 [M+H]", 174; HPLC tz=
11.4 min.

Moc-(S)-a-MeAba-Gly-OtBu  (15): NaH (333 mg, 14.4 mmol,
3.0 equiv) was added to a cooled solution of 4-(S)-methyloxycarbo-
nylamino-4-methyl-1,2,4,5-tetrahydro-2-benzazepin-3-one (14;
1.2 g, 4.8 mmol, 1.0 equiv) in N,N-dimethylformamide (90 mL), fol-
lowed by the addition after 20 min of tert-butyl-bromoacetate
(3.1 mL, 19.2 mmol, 4.0 equiv). After 20 min the ice-bath was re-
moved and the mixture was stirred for 1 h. The mixture was dilut-
ed with EtOAc (300 mL) and the organic phase was subsequently
extracted with a saturated NaHCO; solution (3x230 mL) and H,0O
(2%300 mL), dried (MgSO,), filtered and evaporated. The product
was purified by flash column chromatography (EtOAc/cyclohexane
2:5), to yield a colorless oil (800 mg, 46 %): R;=0.47 (EtOAc); [al,=
+23.6 (c=1in CH,CL,); '"H NMR (DMSO, 250 MHz) 6,=0.94 (s, 3H),
1.17 (s, 9H), 2.46 (d, J=14.1 Hz, 1H), 3.43 (s, 3H, CH; Moc), 3.77 (d,
1H, Ho Gly, 2J=16.5Hz), 3.93 (d, 1H, J=13.9Hz), 403 (d, J=
149Hz, 1H), 416 (d, J=16.7Hz, 1H), 494 (d, /=14.8Hz, 1H),
7.10-7.21 (m, 4H), 7.64 ppm (s, 1H); *CNMR (DMSO, 63 MHz)
0c=26.2, 27.5, 41.5, 51.1, 51.9, 53.3, 58.9, 80.2, 126.6, 127.8, 129.8,
137.3, 137.7, 155.8, 168.3, 173.3 ppm; MS (ES+): m/z 401, 385, 363
IM+HI*, 307, 289, 261; HPLC t;=15.5 min.

Boc-(S)-a-MeAba-Gly-OH (16): Moc-(S)-a-MeAba-Gly-OtBu  (15;
718 mg, 1.98 mmol, 1.0 equiv) was dissolved in HBr (33%) in AcOH
(40 mL) and stirred at 55°C for 1.5 h. The reaction mixture was
evaporated and repeatedly redissolved in AcOH and evaporated,
to yield brown oil of HBr-H-(S)-a-MeAba-Gly-OH (quantitative): Ry=
0.6 (MeOH/CH,Cl,); [al,=—7.1 (c=1 in dioxane); 'H NMR (DMSO,
250 MHz) 6,=1.89 (s, 3H), 3.13 (d, J=14.6 Hz, 1H), 3.55 (d, J=
14.6 Hz, 1H), 4.15 (d, J=17.2 Hz, 1H), 4.29 (d, J=17.2 Hz, 1H), 4.56
(d, J=15.1Hz, 1H), 4.69 (d, J=15.1Hz, 1H), 7.25-7.41 (m, 4H),
8.43 ppm (s, 3H); *CNMR (DMSO, 63 MHz) 6.=25.0, 384, 51.8,
51.9, 59.3, 127.5, 128.5, 129.7, 135.3, 136.9, 170.1, 170.8 ppm; MS
(ES+): m/z 249 [M+H]™", 232, 204, 214; HPLC t;=9.1 min.

Et;N (238 uL, 1.98 mmol, 1.0 equiv) and di-tert-butyldicarbonate
(3.1 mL, 15.8 mmol, 8.0 equiv) were added to a cooled solution of
HBr-NH,-(S)-a-MeAba-Gly-OH (1.98 mmol) in dioxane/H,0 (17 mL,
9:1). After 30 min the pH was checked and adjusted to 9, if neces-
sary. The reaction mixture was stirred, overnight, at room tempera-
ture. The solution was evaporated and the residue was redissolved
in H,0 (20 mL), followed by adjustment of the pH to 3-4 with
KHSO,,, (10%) solution in the presence of EtOAc (10 mL). The
phases were separated and the aqueous layer was extracted with
EtOAc (3x10mL). The combined organic phases were dried
(MgSO,), filtered and evaporated and yielded compound 16
(460 mg, 679%): R;=0.55 (EtOAc/MeOH 49:49+2% AcOH); mp:
98.6-99.5°C; [al,=+9.7 (c=1 in CH)CL); 'HNMR (DMSO,
250 MHz) 6,,=1.26 (s, 3H), 1.45 (s, 9H), 2.72 (d, J=14.3 Hz, 1H),
3.92-4.17 (m, 3H), 479 (d, J=16.9 Hz, 1H), 5.24 (d, J=14.5 Hz, 1H),
5.52 (brs, 1H), 7.24-7.35 ppm (m, 4H); *C NMR (DMSO, 63 MHz)
0c=26.3, 283, 42.3, 53.3, 53.9, 59.9, 127.5, 127.9, 129.0, 130.1,
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136.4, 136.8, 156.4, 170.7, 175.1 ppm; MS (ES+): m/z 387, 371, 349
[M+H]*, 293, 249, 235, 218; HPLC t;=15.0 min.

Peptides 5-8

H-Tyr-p-Ala-(S)-Aba-Gly-Tyr-Pro-Ser-NH,-TFA (5): White powder,
25.0 mg, 45%; R;=0.58 (EBAW); HRMS-ES+: m/z [M+H]" calcd for
CaHs1NgO1o: 816.3801, found: 816.3770; HPLC t;= 10.5 min.

H-Tyr-p-Ala-(R)-Aba-Gly-Tyr-Pro-Ser-NH,-TFA (6): White powder,
24.0 mg, 43%; R;=0.63 (EBAW); HRMS-ES +: m/z [M+H]" calcd for
C4iHsNzO1o: 816.3801, found: 816.3811; HPLC; t;=10.0 min.

H-Tyr-p-Ala-(S)-MeAba-Gly]-Tyr-Pro-Ser-NH,-TFA (7): White
powder, 20.4 mg, 3%: R;=0.43 (EBAW); HRMS-ES+: m/z [M+H]*
caled for C,HssNgOpo: 830.3958, found: 830.3930; HPLC tz=
10.42 min.

H-Tyr-p-Ala-(R)-MeAba-Gly]-Tyr-Pro-Ser-NH,- TFA (8): White
powder, 10.0 mg, 2%: R;=0.40. (EBAW); HRMS-ES+: m/z [M+H]"
caled for CypHs3NgO;0: 830.3958, found: 830.3955; HPLC tz=
10.73 min.
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