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Conformational study of cyclo[Gln-Trp-Phe-Gly-Leu-
Met| as NK-2 antagonist by NMR and molecular
dynamics
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Abstract: Cyclo[GIn-Trp-Phe-Gly-Leu-Met] (1) is a selective peptide antagonist of NK-2 receptors. The conformational
analysis of this peptide was conducted using nuclear magnetic resonance (NMR) and molecular dynamics. This study
improves understanding of the neurokinin ligand-receptor interactions. Two-dimensional Homonuclear Hartmann—
Hahn (2D-HOHAHA) and rotating frame Overhauser enhancement spectroscopy (2D-ROESY) were used to assign all
the protons and to obtain through-space proton—proton interactions. ROE (rotating frame Overhauser enhancement)
constraints molecular dynamics were done to find the conformation which is consistent with the NMR data. Two BI (or
B8V’) turns around Trp-2-Phe-3 and around Leu-5-Met-6 are found in this peptide which are represented by models. The
conformation of this peptide is also compared with the non-peptide NK-2 antagonist SR-48968 (2).

Keywords: Cyclo/GIn-Trp-Phe-Gly-Leu-Met]; cyclic peptide; conformation; NMR, molecular dynamics; NK-2 antagonist;
neurokinins.

Introduction antagonists for the neurokinins [6-8]; but, the
understanding of their selectivity and mech-
Neurokinins (tachykinins) are a family of anism of recognition by the receptors has been
neuropeptides which have been investigated limited. Cyclo[Gln-Trp-Phe-Gly-Leu-Met] (1)
since the discovery of substance P [1]. Since [9] and SR48968 (2) [7], shown in Fig. 1, are
then, two other neurokinins, neurokinin A the peptide and non peptide antagonist of NK-
(NKA) and neurokinin B (NKB) have been 2 receptors, respectively, and the conformation
discovered [2]. Neurokinins are involved in a of these two compounds will be compared.
variety of biological functions such as smooth Cyclo peptide 1 was derived from the C-
muscle constriction, pain and inflammation [1, terminal sequence of substance P where the
2]. Three neurokinin receptors have been Trp-2 in this molecule was used to substitute
isolated for these endogenous ligands: NK-1 Phe residue in substance P and its selectivity
receptor for SP, NK-2 receptor for NKA, and presumably is due to the conformational
NK-3 receptor for NKB; they are members of restriction by N- to C-terminus cyclization. The
the G-protein coupled receptor super family conformational study of 1 was done by NMR
[3, 4]. The selectivity of substance P, NKA and and molecular dynamics simulation and the
NKB toward their respective receptor is pre- conformational study of 2 was done by mol-
sumably due to the amino acid sequence and ecular dynamics and energy minimization. This
the peptide conformation. Previous studies study could possibly help to understand the
showed that the replacement of Phe-7, Phe-8, relationship between the conformation and the
Leu-10 and Met-11 have the most impact on biological activity of the peptide and non-
the biological activity of substance P; this peptide neurokinin antagonists.
suggests that substance P interacts with its
receptor at the C-terminal region [S]. There-
fore, the conformational study of this region
can improve the understanding of the neuro- The linear Gln-Trp-Phe-Gly-Leu-Met-OH
kinins’ selectivity. was synthesized using t-Boc solid-phase pep-
Many studies have been done to develop tide synthesis on PAM-resin (Sigma). The C-
peptide, peptidomimetic and non-peptide to N-terminus cyclization was done using the
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Figure 1
Tl;ge structure of the peptide antagonist cyclo[GlIn-Trp-Phe-Gly-Leu-Met] (1) and the non-peptide antagonist SR48968
(2).
Table 1
Proton chemical shifts in ppm of cyclo[GIn-Trp-Phe-Gly-Leu-Met] in DMSO,¢ using DMSO peak as a standard at
2.49 ppm
Residue NH* H.* Hg* Others* NH Ad/AT+
Gin-1 7.75(d) 3.94(m) 1.82(m) H,: 1.98(m); NH_: 7.15(s), 6.79(s) 1.56
Trp-2 8.10(d) 4.23(m) 2.98(dd); 3.04(dd)  TAr = NH: 10.79(s); H,: 7.04(s); 4.18
Hg: 7.47(d); Hs: 6.97(t); He: 7.07(1);
H,: 7.32(d)
Phe-3 7.93(d) 4.21(m) 3.05(d) TAr = Hy 60 7.12(d); Hj 50 7.32(1); 3.66
H,: 7.15(1)
Gly-4 8.21(t) 3.61(d) 4.40
Leu-5 8.29(d) 4.13(m) 1.50(m); 1.58(m) H,: 1.54(m); H;: 0.82(d), 0.89(d) 4.98
Met-6 8.09(d) 4.14(m) 2.05(m) H,: 2.40(m), 2.47(m); H,: 2.04(s) 4.22

*The letter in parenthesis is the proton multiplicity (s = singlet; d = doublet; t = triplet; m = multiplets).

T Ar = aromatic rings of Trp-2 and Phe-3.

i Temperature coefficient of the amide protons in ppb degree”™

procedure explained by Rapoport and co-
workers [10]. The cyclic product was purified
using silica gel flash column chromatography
with 15% PAW (pyridine-acetic acid—water,
55:20:25, v/v/v) in ethyl acetate as a solvent.
The pure product of 1 was subjected to Fast
Atom Bombardment—Mass  Spectroscopy
(FAB-MS); this gave a molecular weight of
762 atomic mass units.

All NMR experiments were performed using
a Bruker AM-500 (500 MHz) in DMSO,¢ with
peptide concentration of 8.3 mg ml™'. The
HOHAHA (Homonuclear Hartmann—Hahn)
experiments were done using 70 and 90 ms
mixing times [11]. The ROESY (rotating frame
Overhauser  enhancement  spectroscopy)

experiments [12] were performed using 100
and 250 ms mixing times at 25°C. Molecular
modelling experiments were done using IRIS
Silicon Graphics (4D/25G) which were
equipped with the Insight/Discover program
from Biosym Technologies.

Results and Discussion

The proton assignments were made using
2D-HOHAHA and their chemical shifts are
shown in Table 1. The HOHAHA spectrum
shows clear connectivity between NH to HC,,
HC; and HC, of GiIn-1. The connectivity
pattern of NH Met-6 is similar to the NH of
GlIn-1; but the HC, of Met-6 is slightly farther
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down field than the HC, of Gln-1. The protons
of Leu-5 can be distinguished from the protons
of other amino acids by their chemical shifts
and the connectivity pattern from NH to HC,
HC,, HC, and HG;, and the Gly-4’s protons
were identified immediately by the triplet
shape of the NH proton and its connectivity
with the HC, protons. The connectivity pattern
and HCp’s chemical shifts of Trp-2 and Phe-3
are very similar except the NH of Trp-2 is
farther downfield than the NH Phe-3. The
solvent accessibility of the amide protons was
analysed by variable temperature NMR and
their temperature coefficients are shown in
Table 1. The NH of Gln-1 has a low tempera-
ture coefficient, thus the NH can form hydro-
gen bonding with a CO group in the peptide.

The ROESY spectrum determines the
through-space inter-proton distances of cyclo-
[Gin-Trp-Phe-Gly-Leu-Met].  Eight inter-
residue and 18 intra-residue cross-peaks were
found in the ROESY spectrum (Fig. 2). The
amide region [Fig. 2(a)] shows medium ROE
cross-peaks from the NH of Leu-5 to the NH of
Met-6 and from the NH of Met-6 to the NH of
Gln-1. The ROEs and temperature coefficient
of NH Gin-1 suggest a B-turn at the Leu-5-
Met-6 (i + 1 and i + 2) where the NH of GIn-1
can form a hydrogen bond to the CO of Gly-4
(Fig. 1). A weak ROE cross-peak was observed
from the NH of Trp-2 to the NH of Phe-3
which suggests a more flexible B-turn at Trp-2-
Phe-3. The backbone flexibility occurs at the
Gly-4 residue; this contributes to the lack of
ROE between the NH of Phe-3 and the NH of
Gly-4. This peptide presumably exists in a
conformational equilibrium; this is also re-
flected in the broad lines of the one dimen-
sional (1D) spectrum. The flexibility of Gly-4
residue is shown by the molecular dynamics
simulation (see below).

ROE restrained molecular dynamics simu-
lations [13] were used on cyclo[{Gln-Trp-Phe-
Gly-Leu-Met] to find a reasonable conform-
ation which is consistent with the ROE data.
The inter-proton distances were estimated
from the intensity of the cross-peaks from the
ROESY experiments. Distance ranges of
strong (2-2.5 A +0.5), medium (2.5-3.5
A +0.5) and weak (3.5-4.5 A + 0.5) were
employed as ROE-constraints in the molecular
dynamics simulations for 100 picoseconds (ps)
at 900 K; all peptide bonds were kept in the
trans configuration with torsion force during
molecular dynamics. Every 100 femtoseconds

(fs) a structure was saved in a history file for
analysis after simulation. Conformational
changes during the 900 K molecular dynamics
were analysed from the history file by plotting
phi and psi angles vs time. Twenty structures
were selected from this high temperature simu-
lation to represent different conformations.
Each conformational representative was sub-
jected to molecular dynamics simulation at
300 K for 20 ps with ROE-constraints, and
every 25 fs a structure was saved in a history
file. The total energy profile of each molecular
dynamics run was plotted against time. Several
low energy structures were extracted and
minimized with and without ROE-constraints
using steepest descent followed by conjugate
gradient minimizations until the rms-deriv-
atives equated 0.001 kcal mole-A™".

The resulting structures from these exper-
iments were analysed and compared to the
NMR data. Ten low energy structures from the
ROE-constraints molecular dynamics simu-
lation are compared in Fig. 3(a). This peptide
can adopt two BI (or BV’) turns at Leu-5-
Met-6 and Trp-2-Phe-3 as i + 1 and i + 2
residues and shows hydrogen bonds from the
NH of Gln-1 to the CO of Gly-4. Occasional
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Figure 2(a)



TERUNA J. SIAHAAN and KAREN LUTZ

68

SSH pUE OH “OH ““OH “OH 01 HN 243 (q) tuordai oprue—apiue oy, (8) ‘awn Surxiw sw sz I8 (1) BoN-noT-A19-24d-d1L-uD]o[42 jo eoads ASHOU AT 2UL

&
N e
£94d HO'T G HS

-0 e
Eoud Hy €-9yd HS'€ -~
TALHL—

1-u10 BN

€-34d IZ|/|I|

9PWHN—
z-dIL HN—
10 HN—"— —

S IZI\\

7 2andiy

g

1-ulo 94—
T-uio A _

G-I eH

ST A - g-noy gy

9PN dH—~
9PN AH
AL gH—__
aud dg—"

z-
€-

OSINd
IR AN

SN IH —

o

[*]
| e AN
wnwmnu
2 £ 3
A o Y
FooE
-
(3
w

(Q)



CONFORMATIONAL STUDY OF AN NK-2 ANTAGONIST 69

Ang(Deg)

0.00

20.04
Time(ps)

Figure 3

(a) Stereoview of 10 superimposed models for the solution
structure of cyclo[GIn-Trp-Phe-Gly-Leu-Met] from 10
different time points in molecular dynamics simulation. (b)
The movement of the psi angle of Phe-3 (light line) and the
phi angle of Gly-4 (dark line) during 20 ps of ROE-
constraints molecular dynamics simulation at 300 K.

hydrogen bonding from the NH of Gly-4 to the
CO of GIn-1 was observed during molecular
dynamics simulation. The flexibility of the p-
turn at Trp-2-Phe-3 was affected by the flexi-
bility of the Gly-4 residue which is shown by
the movement of the psi angle of Phe-3 and the
phi angle of Gly-4 during molecular dynamics
simulation at 300 K [Fig. 3(b)]. One low
energy conformer which represents a static
structure of this peptide is the model L100
(Fig. 4). The phi and psi angles of this model
and the calculated phi angles from Jyy, [14]
are shown in Table 2. Furthermore, the com-
parison between the inter-proton distances of
L100 and the observed ROEs are shown in
Table 3 and they reflect the degree of con-
sistency between the models and the NMR
data. Sumner and coworkers also found a B-
turn at Leu-Met in the C-terminal tetrapeptide
segment of substance P and physalaemin [15],
and they also suggest that the B-turn con-

Table 2
Phi and psi angles of cyclo[GIn-Trp-Phe-Gly-Leu-Met]
from L100

Structure  L100*  Jyu., (Hz) Calculated phit
Phi GIn-1  -87.1 6.3 30, 90, =76, —164
Psi GIn-1 78.0

Phi Trp-2 62.7 6.3 30, 90, 76, —164
Psi Trp-2  —82.5

Phi Phe-3 —-84.4 7.1 37, 83, —80, —160
Psi Phe-3  —41.9

Phi Gly-4 -874 54+5.5 38, 132, —38, —132
Psi Gly-4 687

Phi Leu-5 64.7 7.9 45, 74, -85, —155
Psi Leu-5 —74.6

Phi Met-6 —855 7.9 45,74, —85, —155
Psi Met-6  —50.4

* Angles in degrees.
+Calculated from Jyy., using ref. 14.

Table 3
The comparison between the observed ROEs and inter-
proton distances (A) from the proposed model (L100)

NH NH Int. L100
Trp-2 Phe-3 w 4.11
Leu-§ Met-6 m 3.94
Met-6 Gln-1 m 2.46

NH HC,

Gin-1 Met-6 m 3.60
Gin-1 Gln-1 w 3.06
Trp-2 Gin-1 3 2.34
Trp-2 Trp-2 s 2.33
Phe-3 Phe-3 s 3.05
Gly-4 Phe-3 m 3.56
Gly-4 Gly-4 wiw 2.52/3.08
Leu-5 Gly-4 s/s 2.54/3.53
Leu-5 Leu-5 w 2.32
Met-6 Met-6 S 3.07

NH HC,

Gin-1 GlIn-1 m/m 2.57/2.80
Trp-2 Trp-2 wiw 3.16/3.68
Leu-5 Leu-5 s/s 3.20/3.72
Met-6 Met-6 w/w 2.62/2.84
HC, HC,

Gin-1 Gin-1 m/m 2.52/3.07
HC, HC,

Gin-1 Gin-1 wiw 3.30/3.84

formation at the C-terminus is important for
biological activity and selectivity.

The conformational recognition of 1 by NK-
2 receptors could possibly be due to the
recognition of the relative orientation of the
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Figure 4
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(a) The comparison between the conformation of the peptide 1 (L100, solid line) and the non-peptide 2 (dotted line). (b)
The proposed recognition of the peptide (1) and the nonpeptide (2) antagonists by the hydrophobic pockets of NK-2

receptors.

aromatic rings of Trp-2 and Phe-3 side chains.
Both of the side chains of Trp-2 and Phe-3 are
in the axial position about the backbone ring in
L100 where the aromatic—aromatic inter-
actions occurs between the indole ring of Trp-2
and phenyl ring of the Phe-3. The conform-
ation of 1 was also compared with the low
energy conformer of non-peptide antagonist 2
which is shown in Fig. 4(a). Two of the
aromatic rings (ring A and ring B, see Fig. 1) in
2 can occupy the same hydrophobic pocket as
the indole and phenyl ring in Trp-2 and Phe-3
of 1 as shown in Fig. 4(b). This could suggest
that the two close aromatic rings in both 1 and
2 are important for NK-2 recognition. Also,
the other aromatic ring C (see Fig. 1) is
superimposable with the Leu-5 side chain in
peptide 1, suggesting another hydrophobic
pocket in the NK-2 receptor that recognized
these two compounds. In conclusion, there is a
possibility that the peptide (1) and nonpeptide
(2) antagonists of NK-2 are recognized by the
same hydrophobic pockets in the NK-2
receptor. This work could help elucidate and
design the selective antagonists to different
neurokinin receptors mentioned above.
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