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INTRODUCTION

Abstract: Neuropeptide y is one of the largest members of the tachykinin family of peptides, exhibiting strong
agonistic activity towards the NK-2 tachykinin receptor. This peptide was synthesized by the solid-phase
method using the Fmoc chemistry. Circular-dichroism spectroscopy (CD) investigations of this peptide were
performed in phosphate buffer, in the presence of sodium dodecylsulphate (SDS) micelles and trifluoroethanol
(TFE) solutions and in DMSO-dg using the 2D NMR technique in conjunction with two different theoretical
approaches. The first assumes multiconformational equilibrium of the peptide studied characterized by the
values of statistical weights of low-energy conformations. These calculations were performed using three
different force fields ECEPP/3, AMBER4.1 and CHARMM (implemented in the X-PLOR program). The second
method incorporates interproton distance and dihedral angle constraints into the starting conformation
using the Simulated Annealing algorithm (X-PLOR program). The CD experiments revealed that although
the peptide studied is flexible in polar solvents, a tendency to adopt a helical structure was observed in
the hydrophobic environment. The NMR data (NOE effects) indicate a helical or reverse structure in the
Ile7-His12 fragment of the peptide studied in DMSO-dg solution. The results obtained cannot be interpreted
in terms of a single conformation. Most of the conformations obtained with the ECEPP/3 force field possess
a high content of a helical structure. None of the conformers, obtained with the AMBER4.1 and CHARMM
force fields, can be considered as the dominant one. In all conformations several g-turns were detected and
in some cases y-turns were also found. But in fact, it is rather difficult to select the position of the secondary
element(s) present in the structure of NPy in solution. All conformers calculated with the X-PLOR program
(with using NMR derived distance and torsion angle constraints) are stabilized by several g-turns. Common
structural motives are a type IV g-turn in the GIn6-His12 fragment. All conformations obtained using two
approaches adopt very similar turn shapes in the middle region of molecule and a random structure on the
N- and C-terminal fragments. Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: conformational studies; tachykinins; neuropeptide y; NMR spectroscopy; CD spectroscopy;
conformational analysis conformational equilibrium Monte Carlo methods; molecular dynamic

etal [1]. It appeared to be a naturally occurring
tachykinin family peptide displaying preferable
agonistic activity towards the NK-2 tachykinin

Neuropeptide y (NPy) was isolated for the first
time in 1988 from rabbit intestine by Kage
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receptor. NPy contains neurokinin A(NKA) as its
C-terminal decapeptide and forms the 16-34
fragment of NPK. As demonstrated by several
groups [2-4], NPy possesses a higher affinity
towards NK-2 tachykinin than neurokinin A —a
‘classical’ mammalian agonist of this receptor.



212 RODZIEWICZ-MOTOWID1O ET AL.

The amino acid sequence of this peptide is as
follows: Asp!-Ala-Gly-His-Gly-Gln-Ile-Ser-His-Lys-
Arg-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met?!-
NH,. Extensive studies provided the evidence that
NPy is involved in many biological activities, e.g.
it was found to be the most potent contractile
tachykinin in human isolated bronchus (10-fold
more potent than NKA) [5]. Therefore research con-
nected with this peptide may determine the molecu-
lar mechanism responsible for respiratory-system
diseases, e.g. asthma and it may also help in
obtaining analogues with potential therapeutic sig-
nificance.

NMR conformational studies of NK-2 agonists led
to several solution conformations. Early works of
Chassaing et al., [6] indicated that the structure of
NKA in water is flexible, with a salt bridge at the
N-terminal fragment formed between the Lys2 and
Asp4 side chains. Moreover, the authors did not find
any NKA conformation containing any secondary
structure elements in organic solvents [6]. However,
another group [7] based on the NOEs effects sug-
gested that a series of dynamic turns in equilibrium
are present in the 3-10 fragment in TFE solu-
tions. The structure becomes more ordered when
TFE is titrated into water solution. The conforma-
tional NMR study of a more selective NK-2 agonist
NKA(4-10) revealed that this peptide is character-
ized by a structure containing a typel g-turn in
the 5-8 fragment, followed by a y-turn centred on
Gly8 in DMSO-ds solutions [8]. In the case of an
even more active and more selective analogue [S-
Ala®]NKA(4-10), the first g-turn is followed by a Cg
turn comprising g-Ala8 and Leu9 and by another
B-turn extending from B-Ala8 to the C-terminal NH,
group [8]. A recent study [9] of NKA in the pres-
ence SDS-dys micelles indicated that under these
conditions the peptide adopts an «-helical struc-
ture in the 6-9 fragment, and the length of this
secondary structure element is responsible for the
binding potencies towards tachykinin receptors.

Taking into consideration the findings discussed
above, we decided to investigate the structure
of NPy in solution. First, it is a more selective
NK-2 agonist than the peptides already studied.
In addition, NPy has a much longer chain. The
common problem with conformational studies of
short, linear peptides is that their conformational
flexibility does not allow results to be interpreted
in terms of a single conformation. In fact, the
calculated solution conformations of such peptides
might represent the ‘average’ conformation of those
existing under the conditions applied for the
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experiment. One can assume that investigations of
longer peptides (such as this 21-residue peptide),
although more complicated, might (for the reason
discussed above) yield a more definite resolution of
the structure, which is more likely to be similar to
the bioactive one.

In this paper we describe a conformational study
of NPy using the CD method and 2D NMR spec-
troscopy combined with theoretical conformational
analysis. The first method gives information on
the average conformation of the peptide in differ-
ent solvents in a short time, whereas the second
approach, NMR spectroscopy in conjunction with
the theoretical calculations, allows the determina-
tion of probable conformations of the peptide in
solution.

MATERIALS AND METHODS

Peptide Synthesis

NPy was synthesized by the solid-phase method
using Fmoc chemistry. The TentaGel S RAM (sub-
stitution of Fmoc groups 0.22 meq/g) (RAPP Poly-
mere, Germany) was used as a support. The syn-
thesis of the C-terminal nonapeptide was carried
out on an automatic synthesizer (Applied Biosys-
tems, model 430A). In order to control the cou-
pling efficiency, starting from His13 the synthe-
sis was completed manually. During the synthesis
the following amino acid derivatives were used:
Fmoc-Gly, Fmoc-Ala, Fmoc-Leu, Fmoc-Ile, Fmoc-
Val, Fmoc-Phe, Fmoc-Met, Fmoc-Ser(tBu), Fmoc-
Thr(tBu), Fmoc-Asp(OtBu), Fmoc-GIn(Trt), Fmoc-
His(Trt), Fmoc-Arg(Pbf), Fmoc-Lys(Boc). Deblock-
ings were performed with 20% piperidine in
DMF-NMP (1: 1, v/v) with the addition of 1% Triton
X-100. Couplings were achieved using 1 M solu-
tions of HOBt — DIC (1:1, v/v) in a mixture of
DMF-NMP (1:1, v/v) with the addition 1% Triton
X-100 for 60 min or HOBt/TBTU/DIPEA (molar
ratio 1:1:2) in the mixture DMF-DCM (1:1,v/v).
After synthesis had been completed, the peptide
was removed from the resin together with the side
chain protections in a one-step procedure using
TFA — phenol — triethylsilane — H,O (88:5:2:5),
v/v) [10]. The crude peptide was purified by gel
filtration on a Sephadex G-15 column using 50%
acetic acid as an eluent. Further purification was
carried out on a semipreparative C18 HPLC column
(Vydac, ODS 10 x 250 mm, 10 pum) in a linear gra-
dient 10%-60% B for 40 min (A: 1% TFA in water;
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B: 80% acetonitrile in A). The purity of the peptide
was higher than 98% as judged by HPLC analy-
sis (R, = 11.5 min; analytical column Vydac, ODS
4.6 x 200 mm, 5 pm; in a linear gradient 10%-60%
B for 40 min). The peptide showed the correct molec-
ular mass as measured by mass spectroscopy using
the ESI-MS technique.

CD Experiment

For CD measurements, NPy solutions were pre-
pared by weight from lyophilized material. The pep-
tide concentration was 0.23 mm. CD spectra were
obtained at room temperature on a Jasco J-20
spectropolarimeter automated and equipped with
a program prepared by Medson (Poland). Quartz
cells of 1-5 mm were used. The results were plotted
as the mean residue ellipticity [O], [degree x cm?
dmol™!]. Trifluoroethanol (TFE) was of spectroscopic
quality, 0.1 m phosphate buffer was prepared from
the purest reagents. 1-Dodecylsulphate sodium salt
(SDS) was of analytical grade.

X

NMR Experiment

For NMR measurements the peptide was dissolved
in a 0.5 ml DMSO-dg. The peptide concentration was
25 mm. All experiments were performed on a Varian
Unity 500 Plus spectrometer (Varian Instruments,
USA), operating at a 500 MHz resonance frequency.
All spectra were recorded at 303 K. For the two-
dimensional experiments, the time-domain matrices
consisted of 4096 x 128 complex data points for the
ACT-ct-COSY [11], 2048 x 310 for the TOCSY [12],
ROESY [13], NOESY [14], and were zero filled to
obtain a frequency domain matrix of 4096 x 2048
complex data points with a spectral width of
4785.8 Hz for the ACT-ct-COSY, 2048 x 2048 with a
spectral width of 4878.6 Hz for the TOCSY, ROESY
and NOESY. For the heteronuclear experiments,
HMQC [15] and HMBC [16], 2432 x 230 time data
matrices were zero filled to 2048 x 1024 with
a spectral width of 4822.7 Hz in F1 (**C) and
21998.2 Hz in F2 (‘H). A mixing time of 400 ms
was used for the NOESY, 200 ms for the ROESY
and 90 ms for the TOSCY spectra. The TOCSY and
ROESY spectra were recorded in the phase-sensitive
mode. All data were processed and cross-peak
volume calculations were performed with the XEASY
program [17] on the SUN Ultrasparc workstation.
The assignment of the proton resonances was
accomplished based on the TOCSY, NOESY, HMBC
and HMQC spectra. The spin systems of Leu20

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

CONFORMATION OF NEUROPEPTIDE y 213

and Vall8 were identified based on the position
and shape of the signals of methyl protons H® and
H”, respectively. The spin systems of Lys10, Argll
and Lys13 were unambiguously identified by their
characteristic spin coupling patterns of methylene
protons of HA"? with H®"¥ protons. Met21 was
identified by its characteristic proton spin system
of H?# and H”. Phel7 proton signal assignment was
possible with the use of NOE cross-peaks of the H?
and aromatic protons. Similarly NOE cross-peaks
between H? protons of His4, His9 and His12 and
their own H? protons were useful for confirming
resonance assignments. Thrl4 was recognized by
its characteristic correlation between H* and H”
protons in the a-a region. Aspl, Ala2 and Aspl5
were identified based on the fact that their o protons
were connected to the protons of ethylene (Asp) and
methyl (Ala) groups only, respectively. The proton
chemical shifts of the peptide studied are shown in
Table 1.

The S3Jyuna vicinal couplings constants were
determined using a constant-time ACT-ct-COSY
experiment described by Kozminski [11]. Because
of the overlapping of the signals in the amide
region, only seven vicinal coupling constants were
measured (Table 1). The estimated experimental
error was 0.1 Hz. Torsion angles were generated
using the HABAS program [18] of the DYANA
package [19], on the basis of the Bystrov-Karplus
equation [20].

All NOE cross-peaks, for the peptide studied,
were picked up on the NOESY spectrum. The NOE
volumes were integrated and calibrated with the
XEASY [17] software. 281 NOE-derived restraints
were manually collected. The cross-peaks obtained
from the NOESY experiment were converted, after
internal calibration, into upper distance limits by the
CALIBA program [21]. Finally, after DYANA filtering,
196 upper limit distance constraints were conserved
(95 intra-residual, 65 sequential and medium-range
and 36 long range). Interproton distances were
calibrated against geminal protons.

Conformational Calculations

The three-dimensional solution structure of NPy
peptide was determined by two approaches:

1. Using restrained molecular dynamics SA to
obtain conformations that satisfied the exper-
imental data, the SA protocol of the X-PLOR
program was used.

dJ. Peptide Sci. 8: 211-226 (2002)
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Table 1 The Chemical Shifts (ppm) and Vicinal Coupling Constants (3Jygne) of NPy in DMSO-ds at 303 K

Residue Chemical shifts (ppm) 3JUNHHO
NH H Hf HY H? H? others Cc (FH2)
Aspl n 4.09 2.85; 2.66 COOH n 49.06 —
Ala2 8.64 4.32 1.23 48.80 —
Gly3 8.17 3.73; 3.69 42 —
His4 8.13 4.58 3.11; 2.95 7.36 n H’n 51.47 —
Glyb 8.34 3.81; 3.71 42.12 —
GIn6 8.21 4.21 1.64; 1.48 3.07 H¢7.72 d 8.1
Ile7 7.88 4,17 1.68 1.36; 1.01 0.76 56.96 8.0
Ser8 8.01 4.28 3.58; 3.52 H” n d 8.3
His9 8.15 4.61 3.07; 2.98 7.33 8.92 H’n 51.47 8.1
Lys10 8.23 4.29 1.52 1.33 1.67 2.75 H!7.75 52.90 6.6
Argll 8.10 4.33 1.81 1.70 2.10 H" 6.80 52.35 —
H® 7.28 —
His12 8.27 4.61 3.14; 2.94 7.30 8.29 H’n 51.47 —
Lys13 8.02 4.21 1.62 1.30 1.49 2.74 H¢ 7.79 d 8.4
Thr14 8.01 4.26 3.99 1.01 52.28 8.0
Aspl5 8.167 4.60 2.68; 2.52 COOH 49.49 9.0
8.90
Serl6 7.78 4.26 3.48 H” 4.96 51.40 —
Phel7 8.06 4.54 3.05; 2.81 7.21 H® 7.15 54.22 9.2
Vall8 7.86 4.11 1.94 0.83; 0.88 58.35 —
Gly19 8.13 3.68; 3.75 42 —
Leu20 7.91 4.27 1.59 1.45 0.82; 0.86 58.10 7.3
Met21 7.92 4.22 1.91; 1.79 2.44; 2.37 d 7.2
C-NH2 (E)n —
(Z)n —
n, not observed; d, difficult to measure.
2. A global conformational search of the peptide peptide studied. In the first stage, all low-energy

studied using the EDMC method with the
ECEPP/3 force field, the Simulated Annealing
(SA) protocol with AMBER4.1 and CHARMM (as
implemented in the X-PLOR program) force fields
and subsequent calculation of statistical weights
of the obtained conformations by fitting the
theoretical NOESY spectra and vicinal coupling
constants®Jygpa to the experimental ones.

In the first method, a classical approach using
restrained molecular dynamics (with interproton
distances calculated from NOE intensities and tor-
sion angles calculated from vicinal coupling con-
stants) to obtain conformations that satisfy exper-
imental data was applied. The SA protocol imple-
mented in the X-PLOR program was used. In the
second method, a recently developed algorithm [22]
(included in ANALYZE program) was applied allow-
ing the interpretation of the results obtained in
terms of multi-conformational equilibrium of the

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

conformations were found by extensive global con-
formational analysis using the EDMC [23] method
with the ECEPP/3 [24] force field and the Simu-
lated Annealing (SA) protocol in AMBER4.1 [25] and
CHARMM force fields. Then NOE effects and vici-
nal coupling constants®Jyupa for each conformation
were calculated. Finally, the statistical weights of
these conformations by means of a nonlinear least-
squares procedure were determined, in order to
obtain the best fit of the calculated NOE effects
and vicinal coupling constants SJnune to the experi-
mental NMR data.

X-PLOR3.1 Simulated Annealing Simulations

The standard modules of Simulated Annealing algo-
rithm of the X-PLOR program [26] were used. The
calculations were carried out using the CHARMM
force field [27] in vacuo starting from a random
structure. Additionally, NMR-derived constraints on

dJ. Peptide Sci. 8: 211-226 (2002)
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Table 2 Positions of «-Helical Fragments, g-turns and y-turns in NPy Conformations Computed in EDMC,
Simulated Annealing in AMBER4.1 and CHARMM force fields and Simulated Annealing in X-PLOR program.

In the case of approach 1 statistical weights of conformations are also given

NPy

EDMC ensemble SA (AMBERA4.1) ensemble

SA (X-PLOR)ensemble

SA (X-PLOR)structures

a-helix 62.0% Ala2-Gly3 type I 9.3%
His12-Met21
Gly5 inversed y-turn
a-helix Lys13-Thr14 type III 7.2%
GIn6-Met21 38.0% Thr14-Asplb type III
Aspl15-Serl6 type III
Gly 3 inversed y-turn
Ser8 y-turn 6.5%
His4 y-turn 6.1%
GIn6-1le7 type III 5.9%
Ser8-His9 type III
Gly5-GIn6 type III 5.8%
5.5%

Ala2-Gly3 type IV
His4-Gly5 type II
Ile7-Ser8 type I
Ser8-His9 type 1

Gly3-His4 type I’
His4-Glyb5 type I
Ser8-His9 type I'
Lys10-Argl1 type IV
Phel7-Vall8 type III
Gly19-Leu20 type II’

Gly 5 y-turn

GIn6-1le7 type II’ 6%
Ser16-Phel7 type III

Ala2-Gly3 type IV 5%
GIn6-1le7 type II’
His12-Lyl13 type II’
Lys13-Thr14 type IV

4.6%

Ser8-His9 type IV
Aspl5-Serl6 type IV

His4-Gly5 type I’
His12-Lys13 type IV

9.6%

6.5%

4.5%

4.1%

Ile7-Ser8 type IV
Ser8-His9 type IV
His9-Lys10 type IV
Lys10-Argl1 type VII
Ser16 Phel?7 type IV
His4-Gly5 type IV
Gly-GIn6 type VII
Ile7-Ser8 type IV
Ser8-His9 type VII
His9-Lys10 type IV
Lys10-Argll type IV
Lys13-Thrl4 type II
Ser16-Phel7 type VII
Gly3-His4 type IV
His4-Gly5 type IV
GIn6-1le7 type IV
Ile7-Ser8 type IV
Ser8-His9 type IV
His9-Lys10 type IV
Lys10-Argl1 type VII
Lys13-Thr14 type VII
Ser16-Phel7 type VII
Vall8-Gly19 type VII

GIn6-1le7 type IV
Ile7-Ser8 type IV
Ser8-His9 type IV
His9-Lys10 type IV
Lys10-Argll type IV
Vall8-Gly19 type VII
His4-Gly5 type IV
Gly5-GIn6 type IV
Ile7-Ser8 type III
Ser8-His9 type I
His9-Lys10 type I
Lys10-Argll type VII
Asp15-Ser16 type VII
Ile7-Ser8 type IV
His9-Lys10 type I
Lys10-Argl1 type IV
Argl1-His12 type I
Ser16-Phel7 type IV
Gly19-Leu20 type VII
His4-Gly5 type IV
Ile7-Ser8 type VII
Ser8-His9 type VII

Family 1

Family 2

Family 3

Family 4

Family 5

Family 6

Family 7

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

(continued overleaf)

dJ. Peptide Sci. 8: 211-226 (2002)



216
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(Continued)

NPy

EDMC ensemble

SA (AMBER4.1) ensemble

SA (X-PLOR)ensemble

SA (X-PLOR)structures

11Arg y-turn

His9-Lys10 type III
Vall8-Gly19 type II

Vall8-Gly19 type II

Ala2-Gly3 type II’

Ile7-Ser8 type II

His4-Gly5 type II
Lys13-Thr14 type III
Thr14-Aspl5 type I
Gly19-Leu20 type II’

5.3%

4.8%

4.6%

4.3%

4.1%

4.0%

3.3%

GIn6-Ile7 type IV

Lys13-Thr14 type IV
Vall8-Gly19 type IV
Gly19-Leu20 type IV

Ala2-Gly3 type I
His4-Gly5 type II
GIn6-1le7 type IV
Lys10-Argl1 type IV
Ser16-Phel?7 type II’
Phel7-Vall8 type IV
Gly19-Leu20 type IV
Ala2-Gly3 type IV
Gly3-His4 type I
His4-Gly5 type IV
His9-Lys10 type I
His12-Lys13 type III
Ser16-Phel7 type IV
Gly19-Leu20 type V
His9-Lys10 type IV
Gly19-Leu20 type IV
His4-Gly5 type IV
GIn6-1le7 type II’
His12-Lys13 type IV
Aspl5-Serl6 type I
Vall8-Gly19 type V

Lys13-Thr14 type IV
Gly 5 inversed y-turn
Ala2-Gly3 type I
Gly3-His4 type IV
GIn6-Ile7 type I
His9-Lys10 type IV
Gly19-Leu20 type II’

4%

3.7%

3.6%

3.5%

3.4%

3.3%

3.2%

His9-Lys10 type IV

Asp15-Serl6 type IV
Ser16-Phel7 type VII
Gly19-Leu20 type IV

Ala2-Gly3 type IV
Gly3-His4 type VII
Ile7-Ser8 type IV
Ser8-His9 type IV
His9-Lys10 type III
His12-Lys13 type VII
Ser16-Phel7 type IV

Gly5-GIn6 type IV
Ile7-Ser8 type IV
Ser8-His9 type IV
His9-Lys10 type IV
Asp15-Serl6 type IV
Gly19-Leu20 type IV

Family 8

Family 9

interproton distances and dihedral azlngles, with
force constants (f =50 kcal/ (mol x A”) and (f =
50 kcal/molxradz), as well as constraints on the
o angles of the peptide group to keep them in
a trans configuration (with the force constant
500 kcal/mol x rad?) were added to the target
function. Electrostatic interactions and energy of

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

hydrogen bonds were not directly included and
van der Waals interactions were described with
the simplified potential function. The chirality of
all C* atoms (except for the Gly residues) was
also fixed to . by imposing a three-fold poten-
tial on the N-CO-C*-C? improper torsion angles
(f =500 kcal/mol x rad?). The search was started

dJ. Peptide Sci. 8: 211-226 (2002)
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(a)

5000 V7 T | T T T T T T T T T T T T
200 210 220 230 240 250 280
A[nm]
Neuropeptide yin water — — — Neuropeptide yin 10% TFE —--—-- Neuropeptide yin 50% TFE
""""" Neuropeptide yin TFE — - — Neuropeptide yin 25% TFE — — - Neuropeptide yin 75% TFE
(b) 5000
2500

-7500
10000 T T T T T T T T T T T T T T
200 210 220 230 240 250 260
Alnm]
Neuropeptide yin — — — Neuropeptide yin 25 mM SDS —--—-- Neuropeptide yin 50 mM SDS
phosphate buffer
— — - Neuropeptide yin 5 mM SDS — - — Neuropeptide yin 37.5 mM SDS --------- Neuropeptide yin 12.5 mM SDS

Figure 1 The CD spectra of NPy peptide were obtained at room temperature in: (a) water; TFE; TFE in water 10%, 25%,
50%, 75%; (b) phosphate buffer pH =7; SDS (23 mwm); SDS in water (0.144 mg SDS in 10 ml of water); SDS in phosphate
buffer 5 mm, 12.5 mM, 25 mm, 37.5 mm, 50 mm.

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd. dJ. Peptide Sci. 8: 211-226 (2002)
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from a random-generated conformation. 300 cycles
of SA were carried out for the peptide studied. Each
cycle included 27000 iterations of 80 ps with the
3 fs steps. The molecule was heated at 1000 K for
50 ps and annealed at 100 K for 29 ps. In the last
200 iterations (1 ps) energy minimization with the
use of the Powell algorithm [28] was performed. Dur-
ing SA refinement of the structure, the molecule
was cooled slowly from 1000 K to 100 K for 30 ps.
Finally, 300 energy-minimized conformations were
obtained. The set of the final conformations was
clustered (using the minimal-tree algorithm). The
RMSD between heavy atoms at the optimum super-
position was taken as a measure of the distance
between conformations, also a cut-off value of 4.0 A
was used to separate the families. Nine families of
conformations were considered in further analysis.

EDMC Calculations

The search of the conformational space of the
peptide studied was first performed by the

electrostatically driven Monte Carlo method
(EDMC) [23]. Conformational energy was evaluated
using the ECEPP/3 (Empirical Conformational
Energy Program for Peptides) force field [24], which
assumes rigid valence geometry. The chirality of
all C* atoms (except for Gly residues) was fixed
to L and the geometry of the peptide bonds was
fixed to trans according to the NMR data. The
force field included a hydration contribution (Epyqr).
which was calculated using the SRFOPT surface-
solvation model of Vila etal [29] with original
parameters. A dielectric constant ¢ = 2 was used in
the calculations, according to the recommendation
of the authors of the ECEPP/3 force field [24].
The temperature parameter in EDMC simulations
was 1000 K, which corresponded to a reasonable
acceptance rate of 20%-30%. The software used
was the ECEPPAK global conformational analysis
package [30]. Finally, 3000 energy-minimized
starting conformations were obtained. The set of
the final conformations was clustered (using the

Asp1-Ala2-Gly3-His4-Gly5-GIn6-Ile7-Ser8-His9-Lys10-Arg11-His12-Lys13-Thr14-Asp15-Ser16-Phe17-Val18-Gly19-Leu20-Met21-NH,

12 3 4 5 6 7 8 9 10111213 14151617 18 19 20 21

i em mibl e

d(i,i+1)
d\N(i’i+2)

d(i,i+4)
d,(1,i+5)

du(ii+1)

dun(i,it+4)
dun(i,it5)

din (i) [ | . - .
[

8.4 8.0 9.0 9.2 73 72

i) em [ mm

din (1,113) —

dBN(131+4) ]
dw(l,l"l‘l) [r— —

dmx(iai+3) ——

dvv(171+4) I
T 8.1 8.0 8.3 8.1 6.6

Figure 2 The integral intensities of off-diagonal signals in NOESY spectrum of NPy in DMSO-dg solution.

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.
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minimum-variance algorithm [31]). The root mean AMBER4.1 Simulated Annealing Simulations
square deviation (RMSD) between heavy atoms at

optimal superposition was taken as a measure of The calculations were carried out using the
the distance between conformations, and a cut-off AMBERA4.1 force field [25] in vacuo. According to
value of 0.3 A was used to separate the families to the NMR data (NOE effects), the geometry of the
afford 809 families of conformations. peptide group was fixed to trans by imposing

a)

C-terminus

RMSD=3.19 A

b) N-terminus N-terminus

C-terminus X C-terminus
Family 1

RMSD=1.03 A

Figure 3 (a) Superposition of the lowest energy conformations from each family of NPy molecule obtained in the X-PLOR
program for all a-carbon atoms (RMSD = 3.19 A). Backbone of the lowest energy conformation is represented by the bold
line. (b) Stereoview of superposition of 10 of the lowest energy (Family 1) conformations of NPy molecule obtained in the
X-PLOR program in whole «¢-carbon atoms (RMSD = 1.03 A).
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harmonic constraints with force constants of f =
100 kcal/mol x rad” on the corresponding » angles.
Also the chirality of all C* atoms (except for the
Gly residues) was fixed to L (f = 30 kcal/mol x rad?).
The starting conformation was set to an «-helix.
In the Simulated Annealing algorithm the molecule
was heated to 1200 K for 3000 fs and annealed at
273 K for 12000 fs with 10 cycle runs. The ramp-
ing method (linear ramping) was applied for the
annealing. For further calculations the lowest energy
structures were selected, and the energy minimiza-
tion step (10000 cycles) was again performed using
the AMBER4.1 force field. Finally, 1000 energy-
minimized conformations were obtained. The set
of the final conformations was not clustered into
families.

CHARMM Simulated Annealing Simulations

The same method as described above was used
in the case of generating conformational ensemble
using the X-PLOR program, but without constraints
put on distances and angles. All other aspects of the
simulation are described in the X-PLOR3.1 program
(Simulated Annealing simulations algorithm) [26].
The aim of this calculation was the comparison of
the results obtained with those from the AMBER4.1
force field.

Calculation of the Statistical Weight of the
Conformations by Fitting the Theoretical to the
Experimental NMR Data

In the next step of the analysis, the intensities
of NOE effects and the 3Jygpa vicinal coupling
constants for all conformations (obtained in the
AMBER4.1 and CHARMM force fields) and for
the lowest energy conformations (from each fam-
ily obtained in ECEPP/3 force field) were calcu-
lated. The intensities of NOE effects were computed
by solving the system of the Solomon differen-
tial equations [32] applying the MORASS2.1 pro-
gram [33,34]. The vicinal 3Jyupo coupling constants
of low-energy conformations were calculated from
the empirical Bystrov-Karplus relationship [20].
Based on the sets of measured and theoretically
calculated observables, the statistical weights of
the conformations were fitted to obtain the best
agreement between the theoretical and experimental
values of the NMR observables, using the algorithm
developed in our earlier work [22]. The theoretical

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

values are defined as averages over conformations
[Eqn. (1)-(3)]

NC
Vi=Vo) xu i=12.... NP (D
Jj=1
NC
Ji=Y xJi i=12,....NO© @)
J=1
NC
with )" x =1 )

i=1

where V; is the calculated average intensity of ith
NOE signal, y; is the intensity of ith signal calcu-
lated for jth conformation, V, is a scaling factor, J;
is the ith calculated average coupling constant, J;
is the ith coupling constant calculated for jth con-
formation, NP is the number of NOE signals, N®
is the number of the coupling constants, NC is the
number of conformations and x;,i=1,2,..., NC are
the statistical weights of the respective conforma-
tions. Poor-quality NOEs and the NOEs of uncertain
assignment were not considered in fitting the statis-
tical weights. The target function is by Eqn. (4) [22].
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where the superscript exp marks the measurement
quantity,w; is the weight of the ith NOE, wy; is the
weight of the coupling-constant term, Ay, Br and
Ci. are the constants in the Karplus equation [20],
the superscript O denoting the standard values, and
oa, o and oc are the estimated standard deviations
of constants. Including the deviations of the con-
stants in the Karplus equation from the average
values enables us to take into account the fact that
this relationship is empirical and the coefficients
are subject to error. We used wy; =0.1 Hz 2 and
oa = og = oc = 2 Hz. The weights of the NOE inten-
sities were calculated from Eqn. (9) of [22]. Although
the weights of the respective least-square terms can-
not be established unequivocally, we have shown
previously that the calculated populations of confor-
mations (x;, Xz, -, Xyc) are not very sensitive on these
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parameters. However, the populations are sensitive
on the basis set and it is therefore critical that
the search procedure be able to find all ‘reason-
able’ conformations. Previous work has shown that
the EDMC conformational search engine [23] imple-
mented in this study has this property. For details
of the population-fitting algorithm and for detailed
discussion of its properties the reader is referred to
the original study [22].

C-terminus

N-terminus | S A

RMSD

N-terminus
=0.70 A

13-21
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Conformations with statistical weights (popula-
tions) exceeding 3% were taken to further com-
parative analysis. This cut-off was chosen because
beyond it there were many diverse conformations
with very low weights and any comprehensible
analysis would be impossible. Refitting using only
the conformations fulfilling this criterion did not
change significantly the agreement between the-
oretical and calculated NOEs and 3Jygue values

C-terminus

N-terminus
i Il
1

Figure 4 Stereoview of superposition of conformations of NPy molecule with statistical weights higher than 3% in DMSO-dg
obtained in ECEPP/3 force field. Superposition in Lys13-Met21 fragment was calculated (RMSD = 0.70 A). Backbones are

represented by the bold line.

Table 3 Measured and Computed Values of the Vicinal Coupling

Constants 3Jyupa of NPy

Residue Experimental EDMC SA SA
SJNHH« ensemble (AMBER4.1) (X-PLOR)
vicinal 1.37¢ ensemble ensemble

coupling 55.26P 0.46% 0.528¢
constants 27.88b 28.53b
Jexp [Hz] Jeale[Hz] Jeale[Hz] Jeale [Hz]

GIn6 8.1 7.02 8.54 7.57

Ile7 8.0 7.49 7.01 8.01

Ser8 8.3 7.19 8.16 8.15

His9 8.1 6.76 8.15 8.13

Lys10 6.6 7.02 6.66 7.78

Lys13 8.4 7.40 8.52 7.71

Thrl4 8.0 7.35 7.87 7.96

Asplb 9.0 7.07 8.60 8.60

Phel7 9.2 10.04 8.97 8.87

Leu20 7.3 9.94 7.27 7.56

Met21 7.2 9.04 8.16 7.91

2 Standard deviation in coupling constant.

b Standard deviation in peak volume.
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changed by no more than 10%. It should be realized,
however, that the selected representative conforma-
tions do not constitute the entire conformational
ensemble.

Molecular structures have been drawn and anal-
ysed with the MOLMOL program [35].

RESULTS AND DISCUSSION

As shown in Figure 1, the CD spectrum of NPy in
TFE has two minima at 208 nm, and about 220 nm,
respectively, indicating the presence a helical struc-
ture in this solvent. The CD spectra recorded in
water, TFE aqueous solutions, phosphate buffer and
in the presence of SDS micelles were very simi-
lar displaying a minimum at about 200 nm and a
maximum at shorter wavelengths. The spectra sug-
gest the lack of any preferential conformation(s) of
NPy under these conditions. The CD experiments
revealed that although the peptide studied is con-
formationally flexible in polar solvents, a strong
tendency to adopt a helical structure was observed
when NPy entered the hydrophobic environment.
For obvious reasons (strong absorbance in the UV
region) DMSO cannot be applied for CD investiga-
tions. The most frequently utilized solvents for the
determination of the solution structure of bioactive
peptides in the NMR experiments are water, aque-
ous buffers and DMSO. From CD experiments we
know that aqueous solvent systems do not induce a
secondary structure of NPy. Therefore we decided to
use DMSO, which is believed to imitate the receptor’s
environment. This solvent was also used in con-
formational studies of other tachykinins and other
bioactive peptides.

NMR study of NPy was performed in DMSO-de.
The chemical shifts of the protons and vicinal cou-
pling constants are summarized in Table 1. For the
peptide studied, one distinct set of residual proton
resonances in all spectra is displayed. All peptide
bonds were found to be in trans configuration.

Figure 2 shows the NOE effects patterns obtained
for the peptide studied. Strong NOE effects for Hf-
HN;;, connectivities through the whole molecule,
and HN;-HN;;; in the C-terminal fragment were
found. The presence of NOE effects observed for
sequential connectivities between HN;-HN;,;, and
also (HN, H*, H’);-HNys, H{-HNi4, H{-H{, 5,
and H{-HN;;s indicate a helical or reverse struc-
ture in the Ile7-His12 fragment. Additionally, one
long-range NOE HN-H# for Aspl and Lys13 protons
was found, which also confirms a reverse structure

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

of the NPy molecule. On the other hand, the val-
ues of vicinal coupling constants (Table 1) are about
8 Hz, indicating conformational flexibility of NPy in
DMSO-dg solution. Therefore, the final conclusion
about the three-dimensional of NPy has been drawn
based on the calculations using NMR data.

The calculations with the X-PLOR program with
the applied NMR constrains resulted in nine families
of conformations for the peptide studied (Table 2).
The RMSD of the lowest-energy structures from each
family obtained for all C* atoms is 3.19 A (Figure 3a).
All of them are stabilized by several g-turns. The
common structural motif is a type IV g-turn in
the GIn6-His12 fragment. It is worth noting that
most of the conformations (291 of 300 computed)
belong to the first family. The superposition of the
10 lowest-energy conformers of the first family is
shown in Figure 3b (RMSD = 1.03 A, obtained for
all C* atoms). They adopt very similar shapes in the
middle region of the molecule.

In the case of the second applied method, the
results obtained suggest that most of NPy conforma-
tions, generated with the ECEPP/3 + SRFOPT force
field, contain helical structure. Only two conforma-
tions with similar shapes having statistical weights
higher than 3% were obtained (Table 2). Both con-
tain a very high content of «-helix. They superimpose
especially well in the Lys13-Met21 fragment (RMSD
= 0.71 A, obtained for C* atoms) (Figure 4). The
dominant conformation (62%) forms an «-helix in
the C-terminal part (Lys13-Met21) of the molecule.
Moreover the N-terminal and C-terminal fragments
are close. The second conformer (32%) forms o-
helical structure in the GIn6-Met21 fragment. We
also performed calculations using surface model
solvation parameters derived for polypeptides in
DMSO [36] but the results were very similar (not
shown) to those obtained with atomic solvation
parameters of the SRFOPT model. It is known [37]
that the ECEPP/3 force field biases generation for
some peptide conformations a higher content of «-
helix compared with ab initio calculations. Therefore
the application of this force field for the conforma-
tional study of NPy is rather limited.

A significantly more diverse set of conformations
was obtained in the case of the AMBER4.1 force
field with Simulated Annealing protocol. The best fit
to the experimental NOESY spectrum was obtained
after superposition of 14 low-energy conformations
in which statistical weights were higher than 3%
(Table 2). The calculated statistical weights of these
conformations were in the range 9.3%-3.3%. None
of them can be considered as the dominant one.
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a)

C-terminus

b)

N-terminus

RMSD, = 1.84 A

Figure 5 Superposition of conformations of NPy molecule
with statistical weights higher than 3% in DMSO-dg
obtained in the AMBER4.1 force field obtained (a) for
all a-carbon atoms (RMSD = 4.55 A) and (b) for «-carbon
atoms in the Aspl-lle7 fragment (RMSD = 1.84 A). Back-
bone of the most populated conformation is represented by
the bold line.

RMSD =4.89 A

Figure 6 Superposition of conformations obtained using
the Simulated Annealing protocol in CHARMM force field
(without constraints put on proton distances and dihedral
angles) implemented in X-PLOR program; for all «-carbon
atoms RMSD = 4.89 A.

The superposition of all conformations in all «-
carbons yields RMSD = 4.55 A (Figure 5a), which
indicates the conformational flexibility of the peptide
studied. More similar appeared to be fragments
1-7 (Figure 5b), 7-13 and 13-21. The calculated
RMSDs in all cases were about 2 A (not shown). In

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.
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all conformations several g-turns were calculated
and in some cases also y-turns were found. But
in fact, it is rather difficult to select the position of
the secondary element(s) present in the solution
structure of NPy. The comparison of measured
and computed values of vicinal constants 3Jynpa
and standard deviations (Table 3) for conformations
obtained by EDMC and molecular dynamic protocols
indicate that in the AMBERA4.1 force field computed
conformations fit better to the experimental data.

All conformers obtained in CHARMM force field
revealed some similarities to those obtained in the
AMBER force field. Superposition of conformers with
statistical weights higher than 3% gave RMSD =
4.89 A (Figure 6). The range of statistical weights
was 9.6%-3.2%. The calculated coupling constants
are summarized in Table 3. In most cases some
B- and y-turns were found (Table 2) but we could
not determine the exact position of the dominant
secondary element(s). The conformation with the
highest statistical weight of 6.5% is similar to one
with the highest statistical weight obtained with the
AMBERA4.1 force field (Figure 7a). The C-terminal
fragments are in good agreement RMSD = 1.73 A
(Figure 7b) in particular.

CONCLUSIONS

In the present work we studied the solution
structure of NPy in DMSO-dg using two different
methods. In the second method three different force
fields were used. We showed that application of
the ECEPP force field in this particular case is
rather limited. All conformations calculated con-
tain an unusually high content of «-helix. Diverse
sets of conformations were calculated and selected
by the AMBER4.1 and CHARMM force fields and
the second approach. Nevertheless the compari-
son of the lowest-energy conformation calculated by
the X-PLOR program using NMR constraints at the
stage of structure calculations and the conformation
with the highest statistical weight (9.3%) calculated
in AMBER4.1 and CHARMM force fields revealed
certain similarities in their backbones (Figure 7a),
especially in their C-terminal 13-21 fragments
(Figure 7b). Taking into consideration the differ-
ences in these two approaches (the ANALYZE pro-
gram was designed to study the conformational
equilibrium in a solution of peptides, whereas the
X-PLOR program was originally dedicated to con-
formational studies of rather large proteins with
small conformational freedom) the conformations
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a)
AMBER

\

AMBER

RN

(without constraints) XPLOR
(with constraints)

RMSD =3.87 A

XPLOR
(without constraints) XPLOR
(with constraints)
b) XPLOR

(without constraints)

7

AMBER

N

XPLOR
(with constraints)

XPLOR
(without constraints)

AMBER

XPLOR
(with constraints)

RMSD; ,=1.73 A

Figure 7 Stereoview of backbones superposition of the highest statistical weight conformation obtained in AMBER and
CHARMM force field and one obtained in X-PLOR SA protocol (a) superposition of the whole backbone RMSD = 3.87 A;

(b) superposition of fragment 13-21 RMSD = 1.73 A.

selected reflect the nature of NPy under the con-
ditions used in the NMR experiment. Nevertheless
all conformations obtained in the two approaches
adopt similar turn shapes in the middle region
of the molecule and a random structure on the
N- and C-terminal fragments. The sequence of the
C-terminal NPy decapeptide is identical with the
sequence of NKA. Both peptides display prefer-
able agonistic activity towards the NK-2 tachykinin
receptor, although their pharmacological profiles are
different. There are also differences in their con-
formational behaviour in solution. As reported by

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

Whitehead et al. [9]. NKA adopts a helical structure
in SDS micelles but we did not observe such a sec-
ondary structure formation for NPy. In addition, the
folded structures reported for NKA in solutions are
different from those observed in the case of NPy .
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