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Conformational studies of NK-2 tachykinin antagonist c[Gln-Trp-Phe-Gly-Leu-Met]

were performed using a combination of two-dimensional NMR spectroscopy and theo-

retical methods. The three dimensional structure of the peptide studied was determined

by global conformational search, using the EDMC method with the ECEPP/3 force field

and subsequent calculation of statistical weights of the obtained conformations by fitting

the theoretical NOESY spectra and vicinal coupling constants 3JNHH� to the experimental

ones. Using this approach, a set of six conformations with statistical weights higher than

3% was obtained. The first two ones with the values of statistical weights over 30% can

be considered as dominant ones. The structure of the most populated conformation is sta-

bilized by type IV �-turn around Trp7-Phe8 and a �-turn centered at Trp7. In the second

one, two � turns were found: II and III� around Met11-Gln6 and Gln6-Trp7, respectively. In

both conformations, the aromatic groups of Trp7 and Phe8 are almost perpendicularly

oriented to the peptide backbone. The results obtained correlate well with those pub-

lished for the peptide studied by three other groups. In contrast to the results obtained by

other groups, which used interproton distances as constrains, the approach described

here enables to determine the conformational equilibrium of the peptide studied.

Key words: NK-2 antagonist, NMR, solution structure

In 1988 Williams et al. [1,2] synthesized series of cyclic peptides comprising of

C-terminal fragment of substance P. These peptides showed to have a high tachykinin

agonist activity at NK-2 tachykinin receptor. One of these compounds c[Gln-Trp-

Phe-Gly-Leu-Met] is among the most selective antagonists of NK-2 receptor. In

1993/1994 three research groups performed independently the conformational analy-

sis by 1H NMR spectroscopy of this peptide in DMSO-d6 [3,4] and in DMSO-d6 and

DMSO-d6/H2O [5]. All three groups concluded that the obtained NMR data indi-

cated, that under the condition applied, the peptide exists in conformational equilib-

rium. Wollbron et al. [3] and Siahaan et al. [4] focused their analysis on selection of a

single conformation, which would satisfy most of observed NOEs (or ROEs in the

case [4]) and also contain structural elements characteristic for other peptides with

the same pharmacological profiles. Amodeo et al. [5] in addition to the proton-proton

distances calculated from observed NOEs and used as restrains in dynamics simula-

tions, introduced also missing NOEs of NH protons as negative restrains. They intro-
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duced a lower limit 3.5 Å for not observed NH-NH signals. Using this approach they

selected 16 conformations, which were further grouped into families [5].

In the present paper we perform the conformational analysis of the discussed pep-

tide by applying a recently developed algorithm [6–8], which in contrast to methods

described above that use interproton distances as constraints, allows to interpret the

obtained NMR results in terms of multi-conformational equilibrium of the peptide

studied. In the first step, search of the conformational space of the cyclic hexapeptide

NK-2 antagonist was performed, then the intensities of NOE effects and the 3JNHH�

vicinal coupling constants for the low energy conformations were calculated. Finally,

the sets of measured and theoretically calculated observables were fitted to obtain the

best agreement between the theoretical and experimental values. The final result was

a set of low energy conformations and their calculated statistical weights. In our opin-

ion this approach is more suitable for conformational studies of short linear peptides.

The results obtained will be compared with those previously published.

EXPERIMENTAL

Peptide synthesis: Peptide was synthesized by the solid-phase method using Fmoc chemistry and

automatic peptide synthesizer Applied Biosystems 430A. Details of the methods applied were published

previously [9]. Cyclization of the linear precursor was afforded by benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP®) in dimethylformamide. HPLC analysis was

performed on analytical column VERTEX (Kromasil C8, 4.6 � 250 mm, 5 �m).

NMR measurements: The peptide concentration was 3 mM. The NMR experiments were per-

formed on a Varian Unity 500 Plus spectrometer, operating at 500 MHz resonance frequency. All spectra

were recorded at 295 K except for the temperature coefficients of the chemical shifts, which were mea-

sured for the amide proton resonances throughout the temperature range 295–318 K. The assignment of

the proton chemical shifts was accomplished by means of the 2D proton spectra, TOCSY, NOESY,

ROESY, with the mixing times applied: 150 and 300 ms for NOESY, 200 and 250 ms for ROESY and 70

ms for TOCSY. Additional Active Coupling Pattern Tilling Continuous Time COSY (ACT-ct-COSY)

[10] spectrum was recorded. All data were processed using the VNMR 4.3 software (Varian Instruments,

USA).

Vicinal coupling constants: The 3JNHH� coupling constants were extracted from the ACT-ct-COSY

spectrum.

Temperature dependence of the chemical shifts of the NH protons: The values of ��/�T were cal-

culated from the 1D spectra recorded at 295 K, 303 K, 308 K, 313 K and 318 K.

The NOE effects: The NOE cross-peaks of peptide studied were picked up on the NOESY (300 ms)

spectrum.

Structure calculation: The search of the conformational space of both peptides was first performed

by the electrostatically-driven Monte Carlo method (EDMC) [11]. Conformational energy was evaluated

using the ECEPP/3 (Empirical Conformational Energy Program for Peptides) force field [12], which as-

sumes rigid valence geometry. According to the NMR data, the geometry of the peptide bonds was fixed

to trans. The chirality of all �C was fixed to L. The force field included hydration contribution, which was

calculated using the SRFOPT surface-solvation method of Vila et al. [13] with original parameters. A di-

electric constant 	 = 2 was used in the calculations, according to the recommendation of the authors of the

ECEPP/3 force field [12]. The temperature parameter in EDMC simulations was 1000 K, which corre-

sponded to a reasonable acceptance rate of about 20–30%. The software used was the ECEPPAK global

conformational analysis package [14,15]. Finally, 2500 energy-minimized starting conformations were

obtained. The set of obtained conformations was clustered (using the minimum-variance algorithm [16]).

The root mean square deviation (RMSD) between heavy atoms at optimal superposition was taken as a
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measure of the distance between conformations, and cut-off value of 0.1 Å was used to separate the fami-

lies. Finally, for the peptide studied 807 families were obtained. This cut-off number has the sense of the

maximum RMSD distance between members of the same family. The set of conformations taken for fur-

ther analysis, hereafter referred to as the basis set, consisted of the lowest-energy conformations of each

family. Additionally, after clustering was accomplished, conformations with energies above 10 kcal/mol

above the lowest energy found for a given molecule were discarded.

Calculation of statistical weights of conformations by fitting theoretical to experimental NMR

data: In the next step, the intensities of NOE effects and the 3JNHH� vicinal coupling constants of the low-

est energy conformations from each family obtained were calculated. The intensities of NOE effects were

computed by solving the system of the Bloch differential equations [17] applying the MORASS program

[18,19]. The vicinal 3JNHH� coupling constants of low-energy conformations were calculated from the em-

pirical 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 value, using the algorithm developed in our earlier work [6–8]. The theo-

retical values are defined as averages over conformations:
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whereVi is the calculated average intensity of ith NOE signal, vji is the intensity of ith signal calculated for

jth conformation, V0 is a scaling factor, Ji is the ith calculated average volume coupling constant, Jji is the

ith coupling constant calculated for jth conformation, NP is the number of NOE signals, NQ is the number

of the coupling constants, and NC is the number of conformations, and xi, i = 1,2,...,NC are the statistical

weights of the respective conformations. Poor-quality NOEs and the NOEs of uncertain assignment were

not considered in fitting the statistical weights. For details of the population-fitting algorithm and for de-

tailed discussion of its properties see [7].

RESULTS AND DISCUSSION

The assignment of the proton chemical shifts of the peptide was made straightfor-

ward using TOCSY, NOESY and ROESY spectra. The chemical shifts of protons and

��/�T values calculated for the amide protons of the peptide studied are summarized

in Table 1. Most of the data are in a good agreement with [3–5]. In our case the posi-

tions of the NH protons for Phe8 and Leu10 are the same as in [3] and [4], whereas in

[5] those signals are interchanged. The NOE effect pattern obtained and the values of

vicinal coupling constants are shown in Fig. 1. Strong NOE effects observed along

the whole molecule of this peptide, together with low values of temperature coeffi-

cients for most of NH protons (see Table 1) cannot be satisfied in one conformation.

This indicates that under the experimental conditions the peptide exists in

multiconformational equilibrium. The same conclusion was also given in [3–5].

Therefore, the final discussion concerning the solution structure of the peptide stud-

ied will be based on the conformational calculations performed as described above.
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Table 1. The chemical shifts (ppm) and the NH temperature coefficients ��/�T (–ppb/K) of cyclic NK-2
antagonist in DMSO-d6 at 295 K.

Residue
Chemical Shifts [ppm]

��/�T

[–ppb/K]NH �-CH �-CH �-CH �-CH others

Gln6 7.77 3.91 1.78 1.95 	-NH2 (E) 6.82; (Z) 7.16 0.96

Trp7 7.95 4.20 3.02 NH(1) 10.81; 2H 7.02; 7H 7.30 2.62

Phe8 8.13 4.21 3.02; 2.99 2,6H 7.02 3,5H 7.12; 4H 7.46 3.10

Gly9 8.24 3.59 3.10

Leu10 8.33 4.11 1.52 1.49 0.88; 0.79 3.65

Met11 8.11 4.11 2.00; 1.98 2.45; 2.39 3.30

For the NK-2 antagonist studied, 6 low-energy conformations have statistical

weights higher than 3%. The calculated statistical weights and positions of canonical

secondary structure elements (�- and �-turns) detected in the conformations selected

are given in Table 2. Based on the values of statistical weights (over 30%) the first two

conformations can be considered as dominant. The structure of the most populated

one is stabilized by type IV �-turn at Trp7-Phe8 and a �-turn centred at Trp7. In the sec-

ond one, two �-turns were found: II and III� around, Met11-Gln6 and Gln6-Trp7, re-

spectively. The obtained values of the temperature coefficient of the amide protons do

not exclude the presence of any of the canonical secondary structure elements. Espe-
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cially, the low value obtained for Gln6 corresponds well with a hydrogen bond be-

tween �-amide proton of Gln6 and carbonyl group of Gly9 found in the conformation

with the highest statistical weight. Despite of the differences between all conforma-

tions obtained, the geometry of their backbones is very similar. Superposition of �C

atoms of all conformations selected (Fig. 2a) gave RMSD = 0.84 Å, and the best

matching fragment is Gln6-Trp-Phe-Gly9 (RMSD = 0.73 Å). In all conformations the

side-chains are exposed to the solvent. In the most populated conformation (Fig. 2b),

the side-chains of Gln6, Phe8, Leu10 and Met11 are situated at the same side of the

molecule, whereas the indole group of Trp7 at the opposite. In addition, both aromatic

groups of Trp7 and Phe8 are almost perpendicularly oriented to the peptide backbone.

Table 2. Statistical weights, positions of canonical secondary structure elements, hydrogen bonds found in
low energy conformations and experimental and calculated values of vicinal coupling constants.

Types of �*- or �-turns and hydrogen

bonds in particular conformations

Statistical

weights of

conformations

[%]

Number of

amino-acid

residue

Jcalc.

[Hz]

Jexp.

[Hz]

Trp7-Phe8 type IV NH6 � CO9 32.0 6 6.3 6.7

Trp7 � NH8 � CO6 7 9.3 8.8

8 5.4 5.1

Met11-Gln6 type II NH10 � CO8 31.0 9 9.0 9.5

Gln6-Trp7 type III� NH8 � CO11 10 6.8 6.7

11 5.5 5.6

Gln6-Trp7 type II 12.9

Gln6-Trp7 type II 9.9

Trp7-Phe8 type I�

Trp7-Phe8 type I NH6 � CO10 6.1

NH9 � CO7

Gln6-Met11 type II NH10 � CO8 3.5

Gln6-Trp7 type I� NH8 � CO6

Trp7 �

*Types of �-turns were defined based on the dihedral angles (
 and �) values of amino acid residues
present in positions i+1 and i+2 [21].

The comparison of results described here with previously reported [3–5] revealed

greater similarities to those published in [4]. The solution conformation described by

those authors was stabilized by type I (or type V�) �-turns around Trp7-Phe8 and

Leu10-Met11. They are also dominant elements in conformations calculated by us. Su-

perposition of �C atoms of backbone conformation constructed from the dihedral an-

gles given in [4] and the one with the highest statistical weight (see Fig. 3) indicate

that the best matching fragment is Gly9-Leu-Met-Gln6. The corresponding RMSD

value is 0.42 Å. Interesting, the relative position of aromatic groups of Trp7 and Phe8

found in the conformation with the highest statistical weight is very similar to that re-

ported earlier [4,5]. Siahaan and Lutz [4] suggested that this position and the location
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of side chain Leu10 are the crucial key elements for the interaction between peptide

and NK-2 tachykinin receptor. It was also stressed in [5] that the orientation of aro-

matic rings can be relevant for biological activity. In should be noted that the obtained

�-turn pattern as well as the positions of the side chains of Trp7 and Phe8 appeared to

be very similar to those determinated by X-ray and NMR for most potent and selec-

tive bicyclic NK-2 antagonist MEN1027 [cyclo(Met1-Asp2-Trp3-Phe4-Dab5-

Leu6)cyclo(2�-5�)] [22]. In both, solid and solution structure, two type I and type II

�-turns were found with Trp3-Phe4 and Leu6- Met1 in i+1 and i+2, respectively [23].

Our results also revealed some similarities to those published previously for peptide

studied by two other groups [3,5]. The most frequently appearing �-turns in confor-

mations selected in [5] were type II and II� in the fragments: Leu-Met-Gln-Trp and

Gln-Trp-Phe-Gly. Type I and II� �-turns ware also found in the last fragment in [3],

being not considered by the authors as responsible for the antagonist activity of the

peptide studied. Both groups postulated the presence of several �-turns. In our case

only the one centred at Trp7 was found in two conformations.
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Figure 2. Stereoview of the superposition of conformations with statistical weights higher than 3% of cy-

clic NK-2 antagonist (A), and the most populated conformation (B).



CONCLUSIONS

The comparison of a cyclic NK-2 antagonist solution structure obtained by our al-

gorithm with those calculated utilizing “classical” approach, where interproton dis-

tances were used as constrains, clearly indicate the advantage of the method

described here. In all cases the conformations selected revealed a high degree of simi-

larity, but only the method presented here described by the values of the statistical

weights of conformations selected, describes the conformational equilibrium of the

peptide studied. This information is very important for the conformational analysis of

flexible peptides and in fact is not provided by other approaches utilizing NMR data.
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Figure 3. Superposition of backbones of two conformations of NK-2 antagonist. Heavy line: conforma-

tion with the highest statistical weight obtained in this study. Thinner line: conformation ob-

tained by Siahaan and Lutz [4]. The 9–6 fragment superimpose in the cyclic backbones. RMSD

= 0.42 Å.



REFERENCES

1. Williams B.J., Curtis N.R., McKnight A.T., Maquire J., Foster A. and Tridgett R., Regul. Peptides, 22,

189 (1988).

2. McKnight A.T., Maquire J., Williams B.J., Foster A., Tridgett R. and Iverson R., Regul. Peptides, 22,

127 (1988).

3. Wollborn U., Brunne R.M., Harting J., Hõlzemann G. and Leibfritz D., Int. J. Pept. Protein Res., 41, 376

(1993).

4. Siahaan T.J. and Lutz K., J. Pharm. Biomed. Anal., 12, 65 (1994).

5. Amodeo P., Rovero P., Saviano G. and Temussi P.A., Int. J. Pept. Protein Res., 44, 556 (1994).

6. Malicka J., Groth M., Czaplewski C., Kasprzykowska R., Liwo A., £ankiewicz L. and Wiczk W., LIPS,

5, 445 (1998).

7. Groth M., Malicka J., Czaplewski C., Liwo A., £ankiewicz L. and Wiczk W., J. Biomol. NMR, 15, 315

(1999).

8. http://www.tc.cornell.edu/resource/CompBiologyTools/analyze.

9. Rodziewicz-Motowid³o S., Lesner A., £êgowska A., Czaplewski C., Liwo A. and Rolka K., J. Pept.

Res., 58, 159 (2001).

10. KoŸmiñski W., J. Magn. Res., 134, 189 (1998).

11. Ripoll D. R. and Scheraga H., Biopolymers, 27, 1283 (1988).

12. Némethy G., Gibson K.D., Palmer K.A., Yoon C.N., Paterlini G., Zagari A., Rumsey S. and Scheraga

H.A., J. Phys. Chem., 96, 6472 (1992).

13. Vila J., Williams R.L., Vásquez M. and Scheraga H.A., Proteins Struct., Funct. Genet., 10, 199 (1991).

14. Ripoll D.R., Pottle M.S., Gibson K.D., Liwo A. and Scheraga H.A., J. Comput. Chem., 16, 1153 (1995).

15. Ripoll D.R., Liwo A. and Czaplewski C., TASK Quart., 3, 313 (1999).

16. Späth H.J., Comput. Chem., 10, 209 (1980).

17. Massefski W., Jr., and Bolton P.H., J. Magn. Reson., 65, 526 (1985).

18. Meadows R.P., Post C.B., Luxon B.A. and Gorenstein D.G., MORASS 2.1, Purdue University, W. La-

fayette, (1994).

19. Post C.B., Meadows R.P. and Gorenstein D.G., J. Am. Chem. Soc., 112, 6796 (1990).

20. Bystrov V.F., Progr. NMR Spectrosc., 10, 41 (1976).

21. Lewis P.N., Momany F.A. and Scheraga H.A., BBA, 303, 211 (1973).

22. Pavone V., Pedone C., Lombardi A., Quartara L. and Maggi C.A., Peptides: Chemistry, Structure and Bi-

ology. Proccedings of 13th American Peptide Symposium (R.S Hodges and J.A. Smith, eds.), ESCOM

Leiden 1994, p. 487.

23. Lombardi A., D’Auria G., Saviano M., Maglio O., Nastri F., Quartara L., Pedone C. and Pavone V.,

Biopolymers, 40, 505 (1996).

814 K. Brzozowski et al.


