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Abstract—We investigated a series of conformations of endomorphin-2 (EM-2) analogs substituted by phenylglycine (Phg) and
homophenylalanine (Hfe) in the position 3 or 4 by two-dimensional '"H NMR spectroscopy and molecular modeling. Evaluating
the aromatic interactions and the dihedral angles in these phenylalanine mimics, we have observed that the conformations in trans
isomer have varied from extended to folded as bioactivity decreases. It is suggested that the flexibility of aromatic side chain affects
the backbone of EM-2 to adopt folded structures, which may block the ligands in binding to p-opioid receptor.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

One of the less well-understood but significant weak
interactions in nature is the aromatic interaction, which
is a contributor to stabilize the conformation in peptide
and protein.!® This noncovalent interaction through
the close packing of aromatic rings is important in the
stabilization of some turn structures instead of intramo-
lecular H-bonds.#*® And in the case of ligand—receptor
binding, the aromatic groups have relevant functions
as the directional forces that insert into the hydrophobic
core of receptors.”® Endomorphin-1 (EM-1, Tyr'-
Pro’-Trp>-Phe*-NH,) and endomorphin-2 (EM-2,
Tyr'-Pro?-Phe’-Phe*-NH,) are endogenous opioid pep-
tides isolated from the bovine brain and exhibit the
highest selectivity and affinity for the p-opioid receptor
among the endogenous peptides elucidated so far.'”
But how they display their functions, by what preferred
types of conformations, in binding to p-opioid receptor
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has not been clarified.!'! Nevertheless, with the abun-
dance of aromatic amino acids and flexibility, they are
the ideal models to reveal the aromatic interactions on
predicting the conformations as ligands.'?

The conformation of EM-1 has been discussed in more
detail than that of EM-2. The cis-EM-1 adopted a com-
pact sandwich structure in DMSO, in which the aro-
matic rings of Tyr' and Trp®> are packed against
Pro®!3 whereas in aqueous solution and different mi-
celles, Tyr' and Phe* play a role in the stabilization of
the structure of trans-EM-1.'% As for the conformational
study of EM-2, only a few results about the analogs with
modified C-terminus have been proposed by several
groups.’>!” In addition, some theoretical molecular
dynamics simulations about the conformations of EM-1
and EM-2 have been investigated in detail.!>!32! The
subsequent considerable efforts on bioactive conforma-
tion and structural determinants of the EMs have also
been probed by testing structure—activity relationship
about different types of analogs.?>>> On the basis of a
similarity between the three-dimensional structure and
the receptor selectivity profile of EMs, some studies on
analogs containing B-turn mimetic,?® D-configura-
tion'”?” or pseudoprolines®® reveal many important
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structural information. According to the ‘message-ad-
dress concept’ 2% that defines the tripeptide fragment
Tyr -Pro’-Phe’ as the message and the C-terminal
Phe*-NH, as address in EM-2, Phe in position 3 and 4
have different functions. Therefore the aromatic amrno
acids including phenolic functional groups of Tyr! to-
gether w1th the aromatic side chains of Trp® or Phe’
and Phe* are essential for opioid receptor recognition.

In our previous report, we have obtained analogs of
EM-2 substituted by homophenylalanine (Hfe) and phe-
nylglycine (Phg) (L or D) in position 3 or 4 (Fig. 1),
respectively, which could not only keep the aromatic
property of phenylalanine but also resist the enzymatic
degradation.’! The analog containing Hfe has higher
potency than Phg in position 3, while similar analogs
in position 4 show opposite activity. The potency order
with the K; values against the binding of [F’H]-DAMGO
to p-opioid receptor is analog 5>2>3>7>4>6. In
the present study, we further investigated these analogs
by 1D and 2D 'H NMR spectroscopy to reveal the
structural variation of the different surrogates in differ-
ent positions. The molecular modeling, including energy
minimization, distance geometry search, and molecular
dynamics, was carried out. The conformations of EM-2
and its analogs were generated by NOE restraints.
And several steric structural analyses of aromatic inter-
actions and dihedral angles about the flexibility of side
chain occurring in different positions were discussed.

2. Results and discussion
2.1. NMR resonance assignments

Since the EM-2 analogs containing unnatural amino
acids have very poor solubility in water, we performed
NMR investigations of these analogs using standard
one- and two-dimensional NMR spectroscopy in
DMSO-ds at 298 K. The 'H NMR spectrums of two
typical highly potent analogs, analogs 5 ([Phg]*EM-2)

Peptides

1 X,=Phe, X,=Phe
2 X,=Hfe, X,=Phe \{
3 X;=Phe, X,=Hfe
4 X,=Phg, X,=Phe @
5 X;=Phe, X,=Phg

6 X,;=DPhg, X,=Phe
7 X4=Phe, X,=DPhg

COOH HoN COOH
2N

fre,,

Phenylglycine
(L or D-Phg)

homophenylalanine
(Hfe)

Figure 1. Schematic diagram of EM-2 and its analogs discussed in the
present study.

and 2 ([Hfe]?’EM-2), with similar potent antinociceptive
activity as that of EM-2, exhibited two populations of
conformers distinctly in the peaks of amide and aro-
matic protons in DMSO-dg, respectrvely (Fig. 2). The
cis/trans isomers around the Tyr'-Pro® amide o bond
were based on the characterlstlc sequentlal NOEs ob-
served between the Tyr' CaH and Pro? CaH protons.
The cis/trans ratios of EM-2 and its analogs compared
by the intensities of same protons in trans and cis iso-
mers are given in Table 1.

It was reported that EM-2 is in equilibrium between
folded and open conformers with cis/trans population ra-
tios of 1:2 in DMSO-d,.'® In contrast, we observed that
the trans isomers in analogs of EM-2 substituted in posi-
tion 3 were more those in position 4, indicating that cis iso-
mers are instable when the distance of aromatic side chain
in position 3 is prolonged or shortened. Especially for
analog 6 ((DPhg]’EM-2), whrch totally lost potency in
our previous bioactivity assay,’! its trans isomer was pre-
dominant in this solution with cis/trans ratio 1:5. It further
suggests that the flexibility of the aromatic ring and chiral-
ity of amino acid in position 3 may be a crucial structural
prerequisite in balancing the cis/trans ratio in solutlon
because of its close relationship with the spacer Pro’.

The assignments of proton peak for EM-2 and its ana-
logs were performed by combination of connectivity
information via scalar coupling in TOCSY experiments
and the sequential NOE network cross peaks along the
peptide backbone protons. The aromatic ring protons
were not resolvable because of chemical shift overlap
in this region. Following the protocol of structural
determination in solution, the chemical shifts of two
main conformations of analogs 5 and 2 are summarized
in Table 2, which represent two different kinds of phen-
ylalanine mimics. Variable temperature NMR experi-
ments show no evidence for internal hydrogen bonding
for either the cis or trans isomer.

NOE cross-peaks determined from ROESY spectra
using correlation between signal strength and inter-
atomic distances were applied in restraint structural cal-
culation. The amide and aromatic proton districts of
ROESY spectrums of analogs 5 and 2 are shown in Fig-
ure 3, illustrating the correlation cross peaks of sequen-
tial Co;H and N, H in trans and cis isomers along with
adjacent amino acids. Based on the scalar defining the
distance between two protons bonded in the same car-
bon atom as 1.70 A, the NOE cross peaks for the trans
and cis isomers were classified as weak (1.6-5.0 A) med-
ium (1.6-3.6 A) and strong (1.6-2.9 A) All NOE cross
peaks of EM-2 and its analogs were transferred for re-
straints data except the cis-[DPhg]’EM-2, which is lack-
ing scalar NOE cross peak of proton pairs due to high
degree of overlap and existing low cis population in
DMSO-ds. We have displayed the NOE cross peaks
and intensities of analogs 5 and 2 in Table 3 omitting
the correlation protons in the same carbon. Only a few
nonsequential ROESY cross peaks were observed for
the investigated peptides, which is an indication of the
existence of extended conformations in DMSO solution.
In addition, the medium or weak interactions between
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Figure 2. 'H NMR of cis/trans population observed for the amide and aromatic protons (a) [Phg]*EM-2 and (b) [Hfe]’EM-2 in DMSO-d; at 298 K.

Table 1. The cis/trans ratios® of EM-2 and its analogs in DMSO-d; at
298 K

No. Peptides cisltrans
1 EM-2 12
2 [Hfe]’EM-2 2:5
3 [Hfe]*EM-2 1:1
4 [PhglPEM-2 1:4
5 [Phg]*EM-2 3:5
6 [DPhgPEM-2 1:5
7 [DPhg]*EM-2 1:2

2 Determined by integration of 'H NMR.

sequential CBH and NH observed in position 3 and 4 of
these two analogs, suggest that the side chains are so
close that aromatic interactions may exist to stabilize
the conformations.

2.2. Structural calculation with NOE restraints

Because of conformational flexibility, restrained molec-
ular dynamics was applied to determine conformation

in the case of peptides. We incorporated NOE restraints
into theoretical conformational analysis and molecular
dynamics. To keep the peptide bond preceding proline
in the desired configuration (cis or trans), the onefold
torsional potential with the constant —100 and
100 kcal/mol was imposed to force the cis or the trans
configuration, respectively. For each analog, two sets
of conformations were generated, depending on the con-
figuration of this peptide bond. During the MD-SA sim-
ulations, all conformers fell into high temperature and
stationary state, in which the total energies of respective
conformers were within the fluctuation of £5% and no
significant variations were observed for the torsion an-
gles. The averaged standard deviations were all <20°
for ¢ and  torsion angles. This suggests that the respec-
tive conformers derived from the DG/MD-SA calcula-
tions are little affected by the solvent molecules. We
have displayed the trans and cis conformational ensem-
bles of ten most convergent and least violated structures
of analogs 5 and 2 in Figure 4. The obtained conforma-
tional ensembles were subsequently subjected to a clus-
ter analysis using the minimum-variance method and
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Table 2. 'H chemical shifts (in ppm) of analogs 5 ([Phg]*EM-2) and 2 ([Hfe]’EM-2) in DMSO-d at 298 K

Residue NH oH,, OHp SH, 0H; O0H, SH:(OH)
Tyr!

(cis) 8.18 3.33 2.78; 2.83 6.90 6.69 9.42
(trans) 8.02 4.19 2.79; 2.95 7.12 6.70 9.35
Pro’

(cis) 3.55 1.66 1.45; 1.53 3.24; 3.28

(trans) 4.40 1.76; 1.99 1.68; 1.76 3.10; 3.60

Pheé?

(cis) 8.29 4.69 2.84; 3.11 7.32-7.37

(trans) 7.99 4.68 2.89; 3.06 7.32-7.37

Phg*

(cis) 8.35 5.38 7.17-7.31

(trans) 8.44 5.37 7.17-7.31

Ctnh,

(cis) 7.68

(trans) 7.40

Tyrl

(cis) 3.31 2.54; 2.64 6.99 6.65 9.25
(trans) 3.72 2.49; 2.85 7.08 6.66 9.25
Pro?

(cis) 3.97 1.80 1.64; 1.80 3.23; 347

(trans) 4.40 1.89; 2.00 1.81; 1.89 3.34; 3.62

Hfe?

(cis) 8.33 4.23 1.79; 1.85 2.43; 2.48 7.13-7.17

(trans) 8.14 4.13 1.79 2.53 7.13-7.17

Phe*

(cis) 8.00 4.45 2.82;2.98 7.21-7.23

(trans) 7.83 4.46 2.85; 3.07 7.21-7.23

Ctnh,

(cis) 7.37

(trans) 7.45

the RMSD of backbone was taken as a measure of the
distance between conformations and the criterion to sep-
arate families.

Although the spatial orientations of the aromatic rings
of their respective residues are somewhat different, the
backbones of both frans and cis conformers of analogs
5 and 2 take similar extended conformations as observed
in EM-2. Moreover, the present study also showed that
the aromatic side chains of these analogs have a certain
amount of positional freedom, and would therefore oc-
cupy similar spatial orientations despite the difference
between cis and trans isomers. It was noted that the
Phe* in C-terminus is free to adopt a rigid conformation
that is independent of the correct orientation or the ste-
reochemistry of this res1due 27 The influence of modifica-
tions of Hfe in Phe® as well as Phg in Phe* displays
similarity in the biological activity and prolongs half-life
of degradation observed in our previous bioassay.’! It
suggests that an active ligand with enzymatic stability
should be taken into consideration on the basis of not
only the similar overall conformation but also confor-
mational difference in the side chain, including the spa-
tial orientation of the respective residues.

2.3. Distances between aromatic rings

It was descnbed that the position of side chain in Tyr!,

Pro?, and Phe* was on the other 51de of aromatlc ring of
Trp® in trans EM-1, whereas Tyr' and Trp® were packed
against Pro® in one side of backbone called a compact

sandwich conformation which was observed in cis-
EM-1.13 As for EM 2, two types of aromatlc amino
acids, Tyr! and Phe’, and a spacer Pro” are combined
in EM-2, which adopts extended structure in both cis
and trans isomers that only two side chains packed in
one side.!> We summarized the relationship of side
chains in EM-2 and its analogs given in Table 4. It is
shown that the packlng of two side chains, including
the pyrrolidine ring of Pro?, is more predominant than
the three side chains packed in one side of backbone.
It suggests that the aromatic interactions stabilize the
conformation instead of hydrogen bonds in analogs of
EM-2, which is devoid of hydrogen bonds as indicated
by the NMR temperature studies. On the other hand,
introducing D-configuration amino acids in EM-2 ap-
pears to force the side chain into the opposite direction
and transfer the conformations to lose receptor binding
activity.?!

If the distance of an aromatic ring pair between two
centroids was less than 5.5 A, an interaction of aro-
matic-aromatic was assumed to exist.'>3? In this case,
we summarized average distances of all analogs between
the centroids of aromatic rings (Table 5). It was shown
that only few distances within 5.5 A exist in these ana-
logs. The two most close distances between the side
chains of posmon 3 and 4 occurred in it cis-[Phg]*EM-2
and frans-[Phg]’EM-2, but those side chains located
in opposite side of backbone as seen in Table 4. More-
over, the interactions cons1sted in trans-[DPhg]’EM-2
with distances between Tyr' and DPhg in position 3 or
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Figure 3. Part of the 500 MHz ROESY spectrums of [Phg]*EM-2 and
[Hfe]’EM-2 in DMSO-d; at 298 K, showing the assignments of trans-
(bold) and cis- (italic) correlation cross peaks with adjacent amino
acids.

4 demonstrate that the conformations of those trans
analogs may adopt folded structures. The overall dis-
tances between centroids of side chain in Tyr' and
Phe* become longer than EM-2 when substltutmg Hfe/
Phg in position 3. Slmllarly, the distances Tyr'-Phe? also
prolong as a substituent is occurring in position 4. It is
suggested that the analogs adopt more extended confor-
mations than EM-2 when the distance between aromatic
rings and backbone change its pro-active place. We pro-
pose that the CP in natural phenylalanine may play an
important role in maintaining the flexibility and stabiliz-
ing the planer of aromatic ring in the interaction with
other aromatic side chain.

2.4. Torsions of backbone and side chains

It was demonstrated that in short peptides, when the
Xaa-Pro peptide bond exists as a mixture of the cis
and trans isomers, only one isomer was generally pro-
posed to be a bioactive form.!3-33 By measuring the total
energies of cis and trans isomers in EM-2 and its analogs
with the lowest energy in ensembles, we found that the
all trans isomers have somewhat higher energy than
the cis isomers (Table 6). It is generally known that
the energy consumption which transfers the conforma-
tion of ligand and receptor to an active status is neces-
sary when a ligand binds to its receptor.!! Meanwhile,
the trans isomers of EM-2 analogs were predominant
in solution according to the intensities of NH peaks in

"H NMR spectra (Fig. 2). So we proposed the trans iso-
mers of analogs to be discussed as mainly bioactive form
and the cis isomers were artifacts in the solution
conditions. '3

Since the torsion of backbone, ¢ and , can be signifi-
cantly affected by the slight deviation of side chain,*
we analyzed the torsion of trans isomer for the backbone
and side chain in position 3 and 4 (Table 6). Ordering
the trans isomer with decreasing potency, we found that
¢3 of analogs become smaller gradually Following this
tendency, we superpose the C%o and Ca of every tram
analog into those of EM-2 and keep the pa1r of C? o~
C’o—C% in same plane. By hnkmg the C?a—Ca—C*a
of EM-2 and its analogs, it is distinct to compare the
change of overall backbone trend in position 3 and 4 af-
fected by substitution with different length side chains
(Fig. 5) The angles in frans-[Phg]*EM-2 and trans-
[Hfe]’EM-2 have similar or little deviation in contrast
with those of EM-2, which cause the side chains in posi-
tion 3 and 4 to have similar spacial orlentatlon As for
the frans-[Hfe]*EM-2 and trans-[DPhg]*EM-2, the dif-
ference of angle has increased so cons1derablly that the
trans-[Phg’EM-2 and trans- [DPhg] EM 2 show ,OPpo-
site orientations of side chains in Tyr' and Phe* com-
pared to the extended structure of EM-2. In addition,
the different chlrahty rotated the conformation into
folded structure in trans-[DPhg]’EM-2. This result
revealed that the shortened distance of side chain mod-
ified in position 3 involves in great variety with rotating
the backbone of N-terminus into another orientation,
which leads to the loss of potent in binding to p-opioid
receptor.

The chi (,() torsional angles of the side chain groups on
each amino acid are critical.>* Although the Phg has ng
7" angle due to its lack of CB, we observed that ' and ;>
of Hfe in position 3 adopt inverse orientations com-
pared to that in position 4. It is suggested that the
restricted configuration of side chain in C-terminus is
crucial in stabilizing the conformation to favor the bind-
ing of p-opioid receptor despite its flexibility of preferred
structural space.?’

3. Conclusion

We investigated the conformational requirements of
EM-2 analogs containing phenylalanine mimics, phenyl-
glycme (Phg) and homophenylalanine (Hfe), by 1D and
2D 'H NMR spectroscopy and molecular modehng
The different cis/trans ratios around the Tyr'-Pro® o
bond of analogs were observed in DMSO. The two typ-
ical highly potent analogs with similar potent antinoci-
ceptive activity as those of EM-2, analogs 5
([Phg]*EM-2) and 2 ([Hfe]’EM-2), adopted extended
conformations obtained by calculation with NOE re-
straints. Analyses of the relationships of side chains
and aromatic interactions by distances of aromatic ring
centroids reveal that the proper orientation of the aro-
matic side chain in position 3 and 4 exhibited different
influences on the opioid activity and enzyme stability.
Furthermore, the regular variation of dihedral angles
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Table 3. Observed NOE cross peaks and intensities of analogs 5 and 2 in DMSO-d,

NOE cross peaks® NOE intensity®
cis-[ Phg *EM-2
Tyr\y, Tyr), Strong
Tyr\y, Tyry, Weak
Tyrhm Tyré2 Weak
Tyrl Tyr;ﬁH Strong
Tyr} Pro? Strong
Tyrll31 Tyré6H Medium
Tyré2 Tyr;6H Medium
Tyr;ﬂ_{ Pro? Medium
Pro? Profﬂ_ﬁ2 Medium
Pro? Proi1 » Weak
Prof31~Bz Pro, Strong
Pro%l‘[32 Pro%1 Medium
Pro?, Pro}, Strong
Proi1 Pro?, Weak
Phe Phe} Medium
Phedy; Pheg1 Medium
Phed Phep, Medium
Phe] Phgly; Medium
Phgly Phg? Medium
Phg? Phgéy Strong
cis-[Hfe PEM-2
Tyr! Tyr) oy Strong
Tyr; Proi Strong
Tyrl Hfedy Weak
Tyrll31 Tyr;6H Strong
Tyré2 TyrévGH Strong
Tyrp, Pro? Strong
Tyr) ey Pro? Medium
Pro? Proi1 Medium
Pro? Hfedy Medium
Proi1 Pro§1 Strong
Pro7, ProZ, Strong
Hfe} Hfep, Medium
Hfel er?ﬂ Strong
Hfe? er?,l Medium
Hfe? er*3/2 Medium
Hfel Pheyy Strong
erﬁl er?ﬂ Strong
eral Phg?\,H Medium
erf}z er?,z Strong
er%z Phg‘]‘\,H Strong
Phely Phe] Weak
Phely Phey, Strong
Phety, Phe‘[‘,,2 Strong
Phe} Pheé; Medium

NOE cross peaks NOE intensity

trans-| Phg J*EM-2

Tyrclt Tyré}6H Medium
Tyr), Pro, Strong
Tyr! ProZ, Strong
Tyré‘GH ProZ, Medium
Pro? Proé1 Strong
Pro? Prof32 Medium
Pro? P‘roi2 Medium
Prolzﬂ Proi2 Strong
Proﬁ1 ProZ, Strong
Pro[z32 ProZ, Medium
Proi1 ProZ, Strong
Phef\,H Phei Strong
Pheyy Phey, Strong
Phe} Phe‘é1 Strong
Phe} Phef32 Strong
Phgliy Phe? Medium
Phgly Phey, Strong
Phgly Phe, Medium
Phglyy Phg? Medium
Phg? Phgl-; Strong

trans-[ Hfe P EM-2
1

Tyr, Tyr;?6H Medium
Tyr}sl Tyr;_’6H Strong
TyrE32 Tyr) ¢ Strong
TyrE32 ProZ, Medium
Tyriv6H Pro%1 Strong
Pro? Prog, Strong
Pro? Prog, Strong
Pro? Proi1 » Medium
Pro? Hfedy Strong
Profil Pro%1 » Strong
Proé1 Pro2, Medium
Prol, ., Pro2, Strong
Hfedy Hfel Strong
Hfedy erél B Strong
3 3
Hfe;, Hfeg, g, Strong
Hfe? er?,wz Medium
Hfe} Phely Strong
3 3

erELBZ erzl_’y2 Strong
Hfeg, g, Pheyy Weak
Pheyy Phe? Strong
Pheij H Pheg1 Strong
Phel Phej, Medium
Phe; Phefr Strong

#NOE cross peaks of protons in the same carbon are omitted.

®NOE intensities are classified as weak (1.6-5.0 A), medium (1.6-3.6 A), and strong (1.6-2.9 A).

of backbone implied that the spacial conformational
properties contain key factors for binding to the p-opi-
oid receptor. We overlap the angles between Co in
neighbor residues to compare the varying trends from

extended to folded following the potency decrease in
our previous research. On the basis of these results
and discussion, the p-opioid receptor agonist activity
affected by modification of flexibility and chirality of
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RMSD=0.64A

RMSD=0.31A RMSD=0.86A

Figure 4. Ensemble of the 10 most convergent and least violated
structures of the family (a) cis-[Phg]*EM-2, (b) trans-[Phg]*EM-2, (c)
cis-[Hfe]’EM-2, (d) trans-[Hfe]’EM-2, as determined by DG calcula-
tions and molecular dynamics with NOE distance restraints. The mean
backbone RMSD of conformational clusters is labeled.

Table 4. The relationship of aromatic side chains packing in residues
of EM-2 and its analogs

Peptides One side of backbone  Another side
of backbone
cis-EM-2 Tyr'-Phe? Pro>-Phe*
trans-EM-2 Pro’-Phe? Tyr'-Phe*
cis-[Hfe]’EM-2 Pro>Phe* Tyr!'-Hfe’
trans-[Hfe] ’EM-2 Hfe? Tyr'-Pro*-Phe*
cis-[Hfe]'EM-2 Tyr!-Phe? Pro>-Hfe*
trans-[Hfe]*EM-2 Phe® Tyr'-Pro*-Hfe*
cis-[Phg]’EM-2 Pro*Phe* Tyr!-Phg?
trans-[Phg]’EM-2 Tyr'-Pro*-Phe* Phg®
cis-[Phg]*EM-2 Pro>-Phg* Tyr!'-Phe?

trans-[Phg]*EM-2 Phe®
cis-[DPhg’)EM-2

Tyr!-Pro*-Phg*

trans-[DPhgPEM-2  Tyr!-Pro*Phe* DPhg’
cis-[DPhg]*EM-2 Pro’-DPhg* Tyr'-Phe?
trans-[DPhg]’EM-2  Tyr'-Pro>-DPhg* Phe?

aromatic side chain requires the peptide structure to re-
tain the proper three-dimensional array of pharmaco-
phores, which is necessary for the development of new
native peptide-based analgesics.

4. Experimental
4.1. Peptides

EM-2 and its analogs in this study were synthesized by
solution methodology using Boc-amino protection
groups and N-methyl morpholine (NMM) and isobutyl
chloroformate (IBCF) as coupling reagents reported pre-

Table 5. Average distance (/3;) between the centroids of aromatic rings
in EM-2 and its analog clusters of 100 conformations

Peptides RI_R3 RI_R* R3-R*
cis-EM-2 7.11(11)¢ 9.52(8) 7.82(0)
trans-EM-2 8.54(7) 9.44(4) 7.69(2)
cis-[Hfe’EM-2 10.56(0) 12.37(0) 10.90(0)
trans-[Hfe’EM-2 11.04(0) 14.35(0) 8.88(0)
cis-[Hfe]'EM-2 9.13(0) 12.05(0) 9.53(1)
trans-[Hfe]'EM-2 10.81(0) 12.35(0) 8.88(3)
cis-[Phg]’EM-2 7.42(9) 9.88(0) 7.77(1)
trans-[Phg’EM-2 8.11(11) 10.47(0) 6.07(40)
cis-[Phg]*EM-2 10.23(0) 11.44(0) 5.75(52)
trans-[Phg]*EM-2 8.05(16) 9.01(2) 8.16(3)
cis-[DPhg?)EM-2 — — —
trans-[DPhg]’EM-2 8.78(0) 8.75(37) 7.41(1)
cis-[DPhg]*EM-2 9.38(3) 11.35(0) 6.92(14)
trans-[DPhg]*EM-2 9.66(0) 10.07(0) 6.70(27)

aTyr! to Phe®, Hfe? or Phg(DPhg)’.

°Tyr! to Phe*, Hfe* or Phg(DPhg)*.

°Phe’, Hfe® or Phg(DPhg)® and Phe*, Hfe* or Phg(DPhg)*.
4 The percentage of distance within 5.5 A is given in bracket.

viously, and TFA and anisole (v/v =9:1) were used as
deprotection reagents.?'-3> Mass spectra were measured
with MARINER 5074 ESI-TOF analyses (Applied Bio-
systems, USA). The crude peptides were obtained as
TFA salts and then purified using RP-HPLC with Waters
Delta-Pak CI18 column (3.9 x 150 mm). Purity greater
than 99% was verified for all analogs.

4.2. NMR experiments

Peptide samples were dissolved in dimethylsulfoxide-dg
(DMSO-de) (99.9% isotopic purity; Cambridge Isotope
Laboratories, Andover, MA) at a concentration of
5-10 mg/500 pL. One-dimensional spectra, which were
used to measure the temperature coefficients of the chem-
ical shifts for the amide proton resonances, were recorded
in the temperature range 298-318 K. All 2D experiments
were performed at 500 MHz on a Varian INOVA NMR
spectrometer with a constant temperature at 298 K. The
Homonuclear correlation spectra, COSY, TOCSY, and
ROESY, were obtained using standard pulse programs.
The mixing times of 80 and 300 ms were used for TOCSY
and ROESY spectra, respectively.

The 2D NMR matrixes were created and analyzed using
the FELIX 2004 computer program (Biosym Technolo-
gies Inc., San Diego, CA). Each two-dimensional spec-
trum was acquired as 1024 x 1024 data matrix complex
points in ¢1 and #2. The assignments of chemical shifts
were carried out using standard protein database and
custom unusual amino acid database built artificially.
NOE restraints determined from ROESY spectra using
correlation between signal strength and interatomic
distance were applied in restraint structural calculation
by the criteria of 1.70 A between two Cf protons.

4.3. Computational molecular modeling

All the molecular modeling calculations were performed
on an Origin 2000 workstation running the Irix 6.5
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Table 6. Energy (kcal) of cis and trans isomers, and dihedral angles (°) of backbone (¢, ¥) and side chain (x', ;2 for the trans isomer in analogs of
EM-2 with the lowest energy calculated conformation sorted order as bioactivity decreases

Peptides cis trans b4 2 23 e $3 Vs e b on Va 14 b
EM-2 150.3 2389 60.2 30.8 —57.1 -—13.7 22.0 —155.1 -177.3 27.5 — -90.6 155.7 18.6 —
[Phg]4EM-2 162.0 2248 131.6 —1784 —-298 —84.3 —-47.6 —120.1 1719 514 — —120.0 1143 — —
[er]3EM-2 1749 196.8 —-40.2 —-20.9 -—88.8 148.8 141 —-84.0 151.7 =299 138.1 -91.7 254 —-159.0 —
[er]4EM-2 196.8 278.1 -77.0 252 —68.4 129.2 264 —60.8 1475 —1244 75.1 117.5 —134.1 -96.5
[DPhg]4EM—2 176.0 240.6 159.2 56.4 —84.5 135.6 29.5 534 136.8 86.4 — 247 —-1194 — —
[Phg]3EM-2 1759 2114 157.0 57.8 —44.7 88.7 —150 —-449 -988 — — -91.2 162.3 233 —
[DPhg]3EM-2 — 226.7 1234 157 =789 =20 48.5 —-424 737 — — —11.5 116.2 —-161.3 —

)/

Figure 5. Comparison of the plane angles C?o—C>a—C* in EM-2 (shown in line) and its analogs (shown in stick) sorted by bioactivity decreases. (a)
trans-[Phg]*EM-2, (b) trans-[Hfe]’EM-2, (c) trans-[Hfe]'EM-2, (d) trans-[DPhg]’EM-2, (¢) trans-[Phg]’EM-2, (f) trans-[DPhg]?’EM-2. The backbone
trends have been shown in thick stick and the degrees of angles in EM-2 and its analogs have been labeled, respectively.

operation system (Silicon Graphics Inc., Mountain
View, CA, USA). The initial random molecular struc-
tures were built for two isomers with ® torsion angles
of Tyr'-Pro’> bond in allowance of 0°+10° and
180° * 10°, respectively. And then energy minimizations
in vacuo with the CVFF force field (Accelrys Inc.) were
carried out on Discover 98 module in the Insight 1T 2000
package (Accelrys Inc.). The resulting coordinates were
applied in the generation of the distance-bound ma-
trixes. Calculating by the standard protocol of the Dis-
tance Geometry (DG) II package in NMR-Refine
module of Insight IT 2000 with NOE restraints files ex-
ported from Felix2004. First, triangle bound smoothing
was used to check out the correction of molecular struc-
ture by minimization. The force constant used for dis-

tance restraints was 50.0 kcal/mol A2 Second, the
structures were used to generate in four dimensions,
then reduced to three dimensions with the EMBED
algorithm.3® Third, the assembly was optimized with a
simulated annealing (SA) step®’ maintaining the dis-
tance constraints according to the standard protocol of
the DG II package. Hundred structural ensembles were
generated for every system.

In order to investigate the effect of solvents on the pep-
tide conformations, the representative conformers
generated by the above calculations were further sub-
jected to molecular dynamics-simulated annealing
(MD-SA) using the Discover program. The simulation
was performed on the molecule in a 30 A TIP3 water-
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box with the CVFF force field. The energy of the system
was minimized and SA simulation was then performed,
heating stepwise to a final temperature of 600 K. Grad-
ual temperature reduction to 300 K, 20 ps equilibration,
and a 10 ps production period followed. Restrained MD
simulations covering 100 ps were then carried out, in
which the energy term for distance restraint was treated
in the same way as the SA calculation. For each DG
structure, MD simulation consisted of 10 ps at 300 K,
time step 1.0 fs, temperature relaxation time 0.02 ps,
and a period of update of nonbonded atom list 25 fs.
On the basis of the root mean square deviation (RMSD)
of backbone, each ensemble of the 10 most convergent
and least violated conformations of EM-2 and its
analogs was selected. Energies and pharmacophoric
distances were measured from these DG/MD-SA
structures.
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