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ABSTRACT: Neuropeptide K (NPK), an N-terminally extended form of neurokinin A (NKA), represents
the most potent and longest lasting vasodepressor and cardiomodulatory tachykinin reported thus far.
NPK has been shown to have high selectivity for the NK2 receptor. Because the micelle-associated structure
may be relevant to the NPK-receptor interaction, the three-dimensional structure of the NPK in aqueous
and micellar environments has been studied by two-dimensional proton nuclear magnetic resonance (2D
1H NMR spectroscopy) and distance geometry calculations. Proton NMR assignments have been carried
out with the aid of correlation spectroscopy (DQF-COSY and TOCSY) and nuclear Overhauser effect
spectroscopy (NOESY and ROESY) experiments. The interproton distances and dihedral angle constraints
obtained from the NMR data have been used in torsion angle dynamics algorithm for NMR applications
(DYANA) to generate a family of structures, which have been refined using restrained energy minimization
and dynamics. The results show that in an aqueous environment NPK lacks a definite secondary structure,
although some turn-like elements are present in the N terminus. The structure is well-defined in the presence
of dodecylphosphocholine micelles. The global fold of NPK bound to DPC micelles consists of two
well-defined helices from residues 9 to 18 and residues 27 to 33 connected by a noncanonicalâ turn. The
N terminus of the peptide is characterized by a 310 helix or a series of dynamicâ turns. The conformational
range of the peptide revealed by NMR and circular dichroism (CD) studies has been analyzed in terms
of characteristic secondary features. The observed conformational features have been further compared to
a NKA and neuropeptideγ (NPγ) potent endogenous agonist for the NK2 receptor.

Neuropeptide K (NPK),1 a 36 amino acid residue, tachy-
kinin peptide, with neurokinin A (NKA) at its C terminus,
has been isolated from porcine brain (1) and regarded as a
specific post-translational product of the PPT-A gene. The
processing of this gene is tissue-specific and permits the
preferential production of multiple products, including
substance P (SP), NKA, NKA(3-10), neuropeptideγ (NPγ),
and NPK. Next to SP, NPK is the major tachykinin in the
cerebral cortex and hippocampus.

Several studies indicate that NPK represents thus far the most
potent and longest lasting vasodepressor and cardiomodu-
latory tachykinin, whose actions appear to be mediated by a

direct action on blood vessels and the autonomic nervous
system, respectively (2). NPK is involved in contracting the
gall bladder, causing protein extravasation, hypotension, and
bronchial smooth muscle spasms (3). An important role of
NPK in the nerve terminal region is to provide a pool or
reservoir of the peptide precursor, which may be transformed
readily into NKA when activity demands it (4). A compari-
son of the primary structure of NPK from bovine, human,
porcine, and rat species reveals a striking sequence homology
of 97-100% (5). Moreover, NPK was found more potent
and more efficacious than SP as a stimulator of phosphati-
dylinositol turnover in the adult rat spinal cord; the high
potency of NPK did not appear to be entirely attributable to
the metabolic stability of the peptide (6). NPK is also more
potent than SP as a sialogogue in the rat (5) and as a
bronchoconstrictor in the guinea pig in vivo (7).

Three distinct G-protein coupled receptor subtypes NK1,
NK2, and NK3 have been identified and cloned for tachy-
kinins (8-10). The three receptors share a significant
sequence similarity, interact differentially with the tachykinin
peptides, and are uniquely distributed throughout the nervous
system. While SP has a higher affinity for the NK1 type,
NKA and NKB are thus far the endogenous ligands that
exhibit the highest affinity for the NK2 and NK3 binding
sites, respectively. NPK has been shown to have a higher
selectivity for the NK2 receptor than NKA (11). The broad
spectrum of action of NPK, which can be attributed to its
increased size, more metabolic stability as compared to
smaller tachykinins, and its improved selectivity for the NK2
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receptor makes it a valuable tool for further research on
tachykinin receptors.

Bioactive conformation of tachykinins have been exten-
sively investigated using high-resolution nuclear magnetic
resonance (NMR), circular dichroism (CD), and infrared (IR)
spectroscopy. Solution structure for SP, NKA, NKB, phys-
alaemin, eledoisin, and various naturally derived or synthetic
analogues have been reported in various membrane mimetic
solvents (12-23). The only NMR study reported for NPK
is in 28% 2,2,2-trifluoroethanol (TFE), and it shows that NPK
adopts a well-defined amphipathicR helix in its N-terminal
half and is relatively disordered in its C-terminal half (16).
Until now, there has been no report on the CD spectroscopic
investigation of NPK as well as its three-dimensional
structure in the micelle-bound form.

Several studies have suggested that the target cell surface
influences receptor selection of peptides such as tachykinins
through the accumulation of the ligand at the cell membrane,
the induction of a specific conformation, and the orientation
of the peptide (24-28). Although micelles are not a perfect
mimetics of lipid bilayers, a substantial number of structural
studies on peptides and proteins bound to micelles have
indicated that valuable structural information can be obtained
from NMR studies of such systems (29-32). Micellar
systems have been used extensively in high-resolution NMR
studies of the peptide-membrane interaction as membrane
mimics (33-36). The dodecylphosphocholine (DPC) micelle
is one of the most widely used membrane mimics for such
studies (35). High-resolution NMR spectra can be obtained
on peptides bound to micelles of perdeuterated lipids, taking
advantage of the effective isotropic reorientation of the
micelle-bound peptides.

We report here a three-dimensional structure of NPK in
DPC micelles, one of the well-characterized model mem-
brane systems. The structure has been deposited in the
Protein Data Bank, and the PDB ID code is 2B19. This
structure represents the first three-dimensional structure of
NPK bound to DPC micelles. Several homonuclear two-
dimensional NMR techniques (37), such as total correlation
spectroscopy (TOCSY), double-quantum-filtered correlation
spectroscopy (DQF-COSY), rotating frame Overhauser effect
spectroscopy (ROESY), and nuclear Overhauser effect
spectroscopy (NOESY), have been used in deriving the
complete proton resonance assignments for NPK, in water
and in the lipid medium. The NOESY cross-peak volumes
have further been used to determine the interproton distances
in three-dimensional space. An ensemble of model confor-
mations has been generated for NPK in the lipid medium
using DYANA (38). Also, the conformational features of
NPK in aqueous and perdeuterated DPC micelles have been
described and compared. CD spectroscopy has been used to
explore various secondary-structural features of NPK in the
presence of calcium ions and in different membrane mimetic
environments, including TFE, TFE/water mixtures, sodium
dodecyl sulfate (SDS), and DPC micelles. CD studies
corroborate our NMR data. The structure of NPK is further
compared with NKA and NPγ, which are potent endogenous
NK2 receptor agonists in mammals.

MATERIALS AND METHODS

NPK (DADSSIEKQVALLKALYGHGQISHKRHKTDS-
FVGLM-NH2) was custom-synthesized by Princeton Bio-

molecules (PA). The purity of the peptide reported by HPLC
analysis was>98%. Perdeuterated DPC (d38) was obtained
from Cambridge Isotope Laboratories (MA).

CD Spectroscopy.CD spectra were recorded in a 0.1 cm
cuvette on a Jasco, J-720 spectropolarimeter from 190 to
250 nm with 4 scans for all of the experiments. The
instrument had been calibrated previously for wavelength
using benzene vapor and for optical rotation using Cam-
phorsulfonic acid-d10. All of the experiments were carried
out at room temperature. The bandwidth was 1 nm, and the
scan speed was 50 nm/min. The peptide concentration was
typically 33.5µM in DPC, sodium phosphate buffer at pH
7.2, various ratios of the TFE/water mixture, and SDS
micelles. For Ca2+ titrations, aliquots of stock solution of
CaCl2 in TFE solutions were added to the peptide solution
to get the molar ratio of 1:1, 2:1, or 10:1. Prior to the
calculation of the final ellipticity, all spectra were corrected
by subtracting the spectra of respective solutions. CD
intensity is expressed in terms of molar ellipticity [(θ)
expressed in degrees cm2 dmol-1] according to the following
equation:

whereθmdeg is the measured ellipticity in millidegrees,l is
the cell path length in centimeters, andC is the molar
concentration of the protein or peptide.

Quantitative estimations of the secondary-structure con-
tents from the CD spectra were made using CONTINLL
software (39). Results reported are from 42 proteins data
set. Other reference protein sets, such as 29, 37, 43, and 48,
were also tested and gave rise to comparable results. The
CD data analyzed by CONTINLL software are in good
agreement with the values of two parameters R1 and R2,
which are independent of inaccuracies in the determined
peptide concentration, as well as those caused by small shifts
in the wavelength (36). R1 is the ratio of the intensity of the
maximum between 190 and 195 nm and the intensity of the
minimum between 200 and 210 nm, and R2 is the ratio of
the intensity of the minimum near 222 nm and the intensity
of the minimum between 200 and 210 nm. For a random
structure, R1 is positive and R2 is close to 0. On the other
hand, in a highly helical state, R1 will be close to-2 and
R2 will approach 1 (31, 40).

NMR Spectroscopy.The NMR samples were prepared by
dissolving 4.7 mg of NPK in approximately 0.5 mL of water
(90% H2O and 10% D2O at pH 3.5). To investigate the
conformation of NPK in a membrane-mimicking environ-
ment, an identical peptide sample was prepared to which 29
mg of perdeuterated DPC was added yielding in solution a
lipid concentration of 146 mM. The lipid/peptide ratio of
the NMR sample was 60:1. All 2D spectra were acquired in
the phase-sensitive mode using a time-proportional phase
incrementation (TPPI) method (41) at 300 K for water and
305 K for DPC micelles on a Bruker DRX 500 MHz NMR
spectrometer. The homonuclear TOCSY (100 ms), NOESY
(100, 150, 200, and 250 ms), DQF-COSY (80 ms), and
ROESY (200 ms) were recorded with 64 scans, a relaxation
delay of 1.5 s, a spectral width of 5020 Hz in both
dimensions, 512 increments in t1, and 2000 data points in
t2. The data were processed by XWINNMR software on
Silicon graphics Fuel workstation (SGI, CA).

[θ] ) θmdeg/lC
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NMR Restraints and Structure Calculation.The three-
dimensional structure for NPK in DPC micelles was calcu-
lated using DYANA (38). All of the NOESY peak volumes
on the 150 ms NOESY spectra were converted into distance
constraints and divided into three classes: strong, medium
,and weak, with the distance ranges of 1.8-2.7, 1.8-3.5,
and 1.8-5 Å, respectively. A total of 344 NOE distance
constraints (154 intraresidue, 101i, i + 1; 54 i, i + 2; 28 i,
i + 3; and 7i, i + 4) were calculated and used as input for
DYANA. 3JHNR-coupling constants were obtained from high-
resolution 1D spectrum, converted to dihedral angles by
applying the Karplus relationship (42), and used as additional
constraints for DYANA. A total of 50 structures were
generated, of which 20 were selected on the basis of low
target function values (≈1 Å) and subjected to restrained
energy minimization.

RESULTS

CD Studies.Figure 1 shows that NPK lacks a definite
secondary structure in an aqueous environment. In contrast,
an R-helical structure is induced in different membrane
mimetic environments such as 90% TFE, SDS micelles (64
mM), and DPC micelles (150 mM). All spectra have a
minimum at 222 nm (helical nπ* transition) and a second
minimum between 202 and 208 nm (overlapping helical and
random-coilππ* transitions at 208 and 200 nm, respectively)
(43-45). The presence of a single isodichroic point at 200
and 198.20 nm in TFE and SDS titrations, respectively (data
not shown), indicates a two-state transition process between
random-coil and helical structures. Secondary-structural
features obtained are summarized in Table 1. The CD results
indicate that NPK associates with TFE, SDS, and DPC
micelles undergoing a conformational transition from a
prevalently random-coil state (in buffer) to anR-helical state
in the presence of micelles.

As shown in Figure 2, there is an increase in the helical
content upon addition of Ca2+. The data indicate the role of
calcium in imparting conformational restraints on the peptide.

Secondary-structural features obtained are summarized in
Table 2.

NMR Studies.Preliminary 1D and 2D spectra of NPΚ were
recorded in aqueous solution at various temperatures and
were assigned completely. Another series of 1D and 2D
proton NMR spectra were recorded for NPΚ in DPC micelles
at 500 MHz. There were severe overlaps in the spectra. A
great deal of effort was put into obtaining optimum pH and
temperature to overcome problems because of overlap. The

FIGURE 1: CD spectra of NPK: buffer (-‚-), SDS micelles (‚‚‚),
60% TFE (s), and DPC micelles (- - -).

Table 1: Secondary-Structural Analysis of the NPK in Various
Membrane Mimetic Environments Using CONTINLL with a
42-Reference Protein Seta

secondary structure (%)

environment helix strand turn unrd rmsd R1b R2b

phosphate buffer
at pH 7.2

7.7 31.9 15.5 45 0.054-0.80 0.66

90% TFE 49.8 9.5 12.7 27.9 0.118-1.77 0.82
DPC 58.1 3.9 13.8 24.2 0.038-1.90 0.88
64 mM SDS 37.9 12.7 19.4 30.1 0.126-1.73 0.69

a For convenience of data interpretation, we added the distorted and
regular components of both helical and strand secondary-structural
elements together to obtain the overall helical and strand structures in
both Tables 1 and 2.b Here, R1 is the ratio of the intensity of the
maximum between 190 and 195 nm and the intensity of the minimum
between 200 and 210 nm, and R2 is the ratio of the intensity of the
minimum near 222 nm and the intensity of the minimum between 200
and 210 nm.

FIGURE 2: CD spectra of calcium titration of NPK. Different spectra
in the figure represent various ratios of calcium/peptide: 100% TFE
(‚‚‚); 1:1 (4); 2:1 (s), and 10:1 (O), respectively.

Table 2: Effect of the Calcium Concentration on the Conformation
of NPK Using CONTINLL with a 42-Reference Protein Set

secondary structure (%)
environment

(calcium/peptide
ratio) helix strand turn unrd rmsd R1a R2a

100% TFE 52.1 8.5 10.7 28.6 0.060-2.04 0.84
1:1 58.1 4.1 10 27.8 0.021-2.14 0.85
2:1 60.8 2.2 10.9 26.2 0.017-1.67 0.98
10:1 76.8 1.5 3.1 18.6 0.021-2.11 0.85

a Here, R1 is the ratio of the intensity of the maximum between 190
and 195 nm and the intensity of the minimum between 200 and 210
nm, and R2 is the ratio of the intensity of the minimum near 222 nm
and the intensity of the minimum between 200 and 210 nm.
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structural stabilization was apparent in the NMR spectra upon
addition of 20 mg or more of DPC-d38. All subsequent
experiments were performed under these solution conditions
(DPC concentration of 146 mM) at 305 K.

Resonance Assignment and Secondary Shifts.Proton
assignments were made by following standard sequence-
specific assignment methods developed by Wu¨thrich (37).
The entire spin systems of individual amino acid residues
were identified through DQF-COSY and TOCSY experi-
ments. The single Arg and Thr residues were easily assigned,
but four leucines had a strong overlap. Lys14 was particularly
difficult to assign from TOCSY but could be identified with
the help of DQF-COSY and NOESY spectra. The ambigu-
ities were completely resolved by a direct comparison of the
fingerprint region of TOCSY and NOESY spectra. Com-
plete sequential assignment of the spin systems was based
on amide dNN(i, i + 1) cross-peaks and confirmed by
HR/amidedRN(i, i + 1) as well as side-chain/amidedâN(i, i
+ 1) connectivities in a NOESY spectrum (parts a and b of
Figure 3).

A similar assignment strategy was used for NPK in an
aqueous environment (water). Because of the increased
tumbling rate of the peptide in an aqueous environment,
ROESY showed better results than NOESY. Therefore, the
assignments were made by a direct comparison of TOCSY
and ROESY spectra (parts a and b of Figure 4). Unlike DPC
micelles, all of the spin systems were very well-resolved in
water. Complete proton resonance assignments for NPΚ in
the presence of membrane mimetic solvent (DPC) and in
aqueous medium, thus obtained, are given as Tables 3 and
4 in the Supporting Information.

Analysis of Chemical-Shift Values.CHR resonances are
strongly dependent upon the local secondary structure. A
simple method of Wishart and co-workers (46) has been
adopted for predicting the secondary structure of proteins
based on changes in theirRΗ proton chemical shifts. Upfield
shifts at least for three consecutive residues, relative to the
random-coil values, are generally found for regions impli-
cated in anR helix, and downfield shifts are generally found
for those inâ sheets. In DPC micelles, the secondary shift
values (∼ -0.1) observed from residues 1 to 18 and 28 to
36 suggest an ordered secondary structure in this region
(Figure 5), consistent with the CD and NMR data on the
existence of turn and helical conformation.

The percentage of bound conformers compared to the free
conformers may be obtained by the determination of the
amount ofR helix observed. A semiquantitative estimation
of the helical content of NPK when going from water to
DPC micelles may be obtained from the average upfield
shifts of theRH protons. In this procedure, the upfield shifts
of RH protons of the region assumed to be helical are added
together and averaged. The averaged upfield shifts are
divided by 0.35 (0.35 ppm is assumed to correspond to 100%
R helix), yielding a percentage ofR helix (31). The
semiquantitative estimate of helical content for residues 9-18
and 27-33 for NPK in DPC micelles thus calculated is
69.43%.

Interresidue NOEs and Secondary Structure.A summary
of interresidue sequential and medium-range NOEs, which
are important to characterize the secondary structure of NPK
in DPC micelles and aqueous environment, is given in parts
a and b of Figure 6, respectively. In the micellar environment,

the intraresidue cross-peaks are more intense from residues
2 to 18 of NPK, thus indicating the stretch of the folded
structure. Medium-range NOE connectivities, 6dNN(i, i +
2), 10 dRN(i, i + 2), 9 dRN(i, i + 3), 5 dRâ(i, i + 3), along
with 6 dRN(i, i + 4) suggest the presence of anR helix in
the region from residues 9 to 18. All measurable 3JNHR-
coupling constants for these residues are in the range of 3-6
Hz, further supporting a helix in this region.

A dense grouping of NOEs, 5dRN(i, i + 3), 6 dRΝ(i, i +
2), 1 dRΝ(i, i + 4), 7 sequentialdNN NOEs, and 4dNN(i, i +
2) NOEs support the presence of a helix in the C terminus
involving residues 27-33. On the other hand, the presence
of 3 dRN(i, i + 2), 2 dNN(i, i + 2), and a singledRN(i, i + 3)
between residues 34-36 suggests unwinding of the helix
and fraying of the helix at the C terminus. A propensity of
type II′â turn in the region from residues 19 to 26 can be
inferred from the observation of several medium-range
NOEs: dRN(i, i + 2) (Gly18-Gly20, His19-Gln21, Gly20-
Ile22, Gln21-Ser23, Ser23-Lys25, and His24-Arg26) and
dRN(i, i + 3) (Gly18-Gln21, Gly20-Ser23, Gln21-His24,
and Ile22-Lys25). This is further supported by the 3JNHR-
coupling constants (>6 Hz) in this region. Toward the N
terminus of the peptide, there are cross-peaks characteristic
of a â turn or a 310 helix. The observation of severaldRN(i,
i + 3) NOEs (Ser4-Glu7, Ser5-Lys8, and Glu7-Val10)
coupled withdRN(i, i + 2) cross-peaks (Asp1-Asp3, Ala2-
Ser4, Asp3-Ser5, Ser4-Ile6, Ser5-Glu7, Ile6-Lys8, and
Glu7-Gln9) suggests partial unfolding via 310 helix or turn-
like elements in rapid equilibrium. Although identification
of turns is less reliable than for regular secondary structures,
the possibility of aâ turn seems more pronounced in this
region from residues 2 to 9, as seen by the absence ofdRâ(i,
i + 3) cross-peaks characteristic of 310 helices (47).

In an aqueous environment, there are a few medium-range
connectivities (2dNN(i, i + 2), 4 dRN(i, i + 2), and 1dRN(i,
i + 3)) in the region from residues 2 to 18. The remainder
of the molecule displays many sequential NOEs, with some
(i, i + 2) contacts, but little further evidence of defined
secondary conformation. Similarly, some turn-like elements
are present toward the C terminus as seen by the presence
of 1 dNN(i, i + 2) and 4dRN(i, i + 2) NOE connectivities.
The presence of very few medium-range NOEs and absence
of dRâ(i, i + 3) along with dRN(i, i + 4) NOEs strongly
suggests a lack of definite secondary structure of NPK in
the aqueous environment. The structure in aqueous medium
can be best described as a series of turns in dynamic
equilibrium, and hence, no further calculation was done for
the structure in water.

Three-Dimensional Structure Calculations.Different mix-
ing times of NOESY spectra were used to evaluate the linear
build-up of NOEs. Cross-peaks from a NOESY spectrum
with a mixing time of 150 ms, which lies within the initial
build-up of the NOE curve, were measured and divided into
three classes. NOEs were classified into strong, medium, and
weak NOEs according to their intensities and were converted
into corresponding upper-bound interproton distance re-
straints of 2.7, 3.5, and 5.0 Å, respectively.

The three-dimensional structure of NPK in DPC micelles
was determined using torsion angle dynamics algorithm for
NMR applications, DYANA (38). A total of 385 distance
constraints and angle constraints (from measured coupling
constants,3JHNR) were used as an input for DYANA. Initially,
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FIGURE 3: (a) Partial 500 MHz1H NMR 2D TOCSY spectrum (D1 from 9.2 to 7.6 ppm) of 2.4 mM NPK in 146 mM DPC micelles
recorded at 305 K and pH 3.5. The spin systems of the amide protons are designated by the amino acid one-letter code, upper-case letters.
(b) Partial 500 MHz1H NMR 2D NOESY (150 ms, mixing time) spectrum (D1 from 9.2 to 7.6 ppm) of 2.4 mM NPK in 146 mM DPC
micelles at 305 K. For the sake of clarity, only the intraresidueR-amide cross-peaks are labeled.
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FIGURE 4: (a) Partial 500 MHz1H NMR 2D TOCSY spectrum (D1 from 8.7 to 7.8 ppm) of 2.4 mM NPK in an aqueous environment
(water) at 300 K and pH 3.5. The spin systems of the amide protons are designated by the amino acid one-letter code, upper-case letters.
(b) Partial 500 MHz1H NMR 2D ROESY (150 ms, mixing time) spectrum (D1 from 8.7 to 7.8 ppm) of 2.4 mM NPK in water. For the
sake of clarity, only the intraresidueR-amide cross-peaks are labeled.
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50 structures were generated, of which 20 conformers with
the lowest target function values (i.e., least violations of
experimental restraints and van der Waals distances) were
chosen for further restrained energy minimization. The
superimposition of backbone atoms of 20 structures of NPK
(residues 2-18) bound to DPC micelles (Figure 7) shows
that the structures are extremely well-defined as judged by
low values of the root-mean-square deviation (rmsd) from
idealized geometry. The pairwise rmsd calculated for back-
bone atoms for residues 2-18 for all 20 refined structures
is 0.71( 0.24 Å. Toward the C terminus, from residues 27
to 33, the pairwise rmsd calculated for backbone atoms is
0.31 ( 0.20 Å.

The Ramachandran plot for all 20 refined structures for
the membrane-bound form of NPK (included in the Sup-
porting Information) indicates that the backbone dihedral
angles consistently lie in theR region of the plot and are in

the favored regions according to the PROCHECK software
nomenclature (48). The average values ofæ andψ angles
for the helix region from 9 to 18 and 27 to 33 are-69.91(
1.57 and-21.73( 0.92, respectively, and the average values
of æ andψ angles for the turn from 19 to 26 are-75.21(
4 and-16 ( 2.92, respectively.

The overall structure of NPK bound to DPC micelles can
be described in terms of a clearly defined stretch ofR helices
(from residues 9 to 18 and 27 to 33) connected by dynamic
â turns (from residues 19 to 26). Unwinding or fraying of
the helix is observed toward the C-terminal end. The N
terminus of the peptide is characterized by a 310 helix or a
series ofâ turns. A side-chain hydrogen bond is observed
between Asp1 and Ser4 in all of the 20 structures, which
may be important for the stabilization of the N-terminal fold.
The helix from residues 9 to 18 forms 2.5 turns and allows
the formation of putative hydrogen bonds between the amide
HNi and the carboxyl COi+4 for residues in this region. A
similar pattern of hydrogen bonds typical for theR helix is
observed in the region from 27 to 33, forming 1.5 turns.
When the structures are best-fitted on the backbone residues
of theâ turn, the local pairwise rmsd of this turn is 0.70 Å.
The (i, i + 3) hydrogen bond between the CO group of His19
and the NH group of Ile22 resembling classicalâ turns is
found only in 8 of the 20 structures. Similarly, the (i, i+ 3)
hydrogen bond between the CO group of Ser23 and the NH
group of Arg26 is found in 16 of the 20 structures. Although
a uniqueâ turn could not be identified, nevertheless, the
propensity to adopt a type II′â turn is noticed. The distribu-
tion of hydrophobic potentials at the Connolly surface of
NPK is presented in Figure 8. The helix from residues 9 to
18 is dominated by hydrophobic residues, with hydrophilic
residues occurring at the extremities.

NMR spectroscopy is the method of choice for determining
the three-dimensional solution structure of peptides. How-
ever, a number of factors such as precision in the estimate
of NOE values, use of short interproton distances, ap-
proximation of the rational reorientation of the peptide in
solution with a single-correlation time model, and the internal
mobility of the peptide chain complicate the structure
determination.

DISCUSSION

Results from the present study indicate that in an aqueous
environment the conformation of NPK is defined by the
presence of turn-like elements, with a lack of a definite
secondary structure. Both the N-terminal address domain and
the C-terminal message domain are folded in a membrane
environment. The overall conformational features adopted
by NPK in DPC micelles correlate well with that reported
for NPK in TFE by Horne et al. (16). The presence of a
helical core is more pronounced in DPC micelles than in
TFE, where in the helical region, it is involved in the Asp3-
Gly18 segment. On the contrary, the results reported here
show that NPK adopts a helical structure toward the C
terminus (from residues 27 to 33) and the whole of the
N-terminal region is folded. The presence of series of turns
or the 310 helix from residues 2 to 8 can be inferred as
intermediates between the folding pathway or unwinding of
the helix (from residues 9 to 18). It has been shown that the
addition of a structure promoting solvents shifts this equi-

FIGURE 5: Experimental secondary CΗR proton chemical shifts for
2.4 mM NPK in the presence of 146 mM DPC micelles, calculated
according to random-coil chemical shifts from ref37.

FIGURE 6: Summary of the NOEs that are important to characterize
the secondary structure of NPK in the presence of (a) DPC micelles
and (b) water. (2) Coupling constant of 4-5 Hz. (b) Coupling
constant of 6 Hz and above.
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librium toward helix formation (49) (extendedT turn T
310 helix T R helix). A study on the analysis of the short
helices explains that the formation of theâ turn might be
correlated to the nucleation step for the formation of bothR
and 310 helices (50). The presence of aâ turn preceding in
the helical core in the C terminus of NPK is consistent with
that observed for other NK2 agonists such as NKA, eledoisin,
and NPγ in DPC micelles (20, 21, 51). On the basis of this
correlation, it is interesting to note that the conformation
adopted by NPK in the presence of DPC micelles presents
the structural motif typical of NK2-selective agonists. The
presence of anR helix in the C-terminal region is consistent
in all NK2 agonists, and the conservation of the primary and
secondary structure in the C terminus of NK2 agonists

supports the hypothesis that the biological activity and
receptor activation are mediated by the C-terminal “message
domain” of tachykinins.

Extracellular calcium is essential for the action of tachy-
kinins and has been suggested to impose additional structural
constraints on the peptides. The calcium-bound conformation
of tachykinins has been suggested to be required for receptor
activation (52). Our CD studies on calcium titrations with
NPK show that the helicity increases with increasing
concentrations of calcium. The data suggest that specific
constraints may be imposed on the neuropeptide structure
on its interaction with calcium, which may have a role in
the bioactive conformation of the peptide and its interaction
with the receptor. The studies are very preliminary, and more
work is needed, however, before the relevance of these
observations can be established.

NPK along with NPγ is an N-terminally extended form
of NKA. All of the three tachykinins (NKA, NPγ, and NPK)
have been shown to be potent NK2 agonists. NPK and NKA
are the specific post-translational products of theâ prepro-
tachykinin gene, and NPγ is produced byγ preprotachykinin.
Despite the common C-terminal message domain in the three
tachykinins, NPK has been shown to possess a greater
potency at NK2 binding sites than NKA and NPγ. Hence, a
comparison of observed conformational features of NPK with
NKA and NPγ might be a valuable starting point for the
rational design of subsequent structure-activity studies
aimed at designing effective agonists or more significantly
antagonists for NK2 receptors.

The three-dimensional structures of NKA and NPγ in the
membrane environment have been studied previously by our
group (21, 51). As shown in Figure 9, the overall fold of
NKA is characterized by a helical core in the region from
Asp4 to Met10 preceded by a plausible turn toward the N
terminus. Similarly, in NPγ, the globular fold is defined as
the helical conformation in the central core and the C-ter-
minal region from residues Lys13 to Met21 preceded by a

FIGURE 7: Overlay of the 20 structures in the ensemble of NPK in 146 mM DPC micelles. Backbone atoms from (A) Ala 2 to Gly 18, (B)
His 19 to Arg 26, and (C) His 27 to Val 33 were superimposed with respect to the restrained minimized average structure.

FIGURE 8: Distribution of hydrophobic potentials. (Right) Ortho-
graphic view of the hydrophobic potentials at the Connolly surface
(radius of 1.4 Å) of NPK. (Left) Schematic representations of the
peptide backbone indicating the orientation in the left orthographic
view pictures. Hydrophobicity increases from blue to red.
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turn from His9 to Arg11. The N terminus of NPγ also
displays some degree of order and a possible turn structure.
Although there are differences in the conformation of the N
terminus of NKA, NPγ, and NPK, a similar helical fold is
observed in the C terminus of the three peptides.

The region from His27 to Met36 in NPK corresponds to
the amino acid sequence of NKA. NPK, NPγ, and NKA are
coded by the same gene and are coreleased from the same
neurons (53). Hence, there is a possibility that NPK and NPγ
may act as a precursor of NKA and that the post-translational
processing of NPK and NPγ involves an enzymatic process-
ing of the basicâ-turn region from residues His24 to Lys28
in NPK and from residues His9 to Lys13 in NPγ. The
proteolysis of NPK and NPγ may be regulated in a tissue-
specific manner. Krieger and Hook (54) determined by
identification of proteolytic products through microsequenc-
ing and amino acid composition analysis that NPK was
cleaved at the Lys-Arg basic residue site. A comparison of
the â-turn site comprising these basic residue sites in both
NPγ and NPK indicated a very close similarity.

NPK has been shown to have greater potency for the NK2
receptor than NPγ and NKA. This suggests that the N-
terminal extension of NKA increases selectivity for the NK2
sites. However, it was proposed by studies on NPγ that the
N-terminal elongation of NKA does not appear to influence
the binding affinity; rather, it affects the selectivity for NK2
sites (55). Further, it was suggested that possession of an
acidic residue at position 7 from the C terminus appears to

be more critical for NK2 binding (56-58). It has been
proposed that the N-terminal domains of tachykinins affect
the desensitization of the receptor and that the N-terminal
extension of NKA results in a maximal receptor desensitiza-
tion (58). This suggests that the N-terminal region of NPK
that extends beyond NKA containing the C terminus contains
information required for maximal receptor desensitization
(59). Dependent upon the structure of the ligand, an agonist-
occupied receptor may adopt distinct conformations that are
functionally active with respect to G-protein activation but
show different susceptibility to kinases involved in desen-
sitization. Possible explanations for these differential effects
of N-terminal extension of tachykinin sequences include the
effects of the N-terminal peptide domain on the C-terminal
peptide conformation or the N-terminal domain that may
make additional contacts with the NK2 receptor. Thus, the
amino-terminal domains of these peptides may have a dual
role, one in stabilizing a conformation leading to receptor
kinase activation and desensitization and the other in
conferring selectivity for the NK2 receptor (58). Alterna-
tively, the amino-terminal portion of the N-terminally
extended peptides may lock or modulate the binding
conformation of the C-terminal domain by intramolecular
interactions, thus reducing the overall flexibility of the
peptide.

In conclusion, it can be seen from Figure 9 that the C
terminus presents a hydrophobic upper half comprising
Phe32, Val33, Gly34, Leu35, and Met36 residues and a
hydrophilic middle region extending from Ser31 to His19,
which also includes a stretch of basic residues comprising
His24-Lys28. Paired basic residues of Lys25 and Arg26
are proposed to be the site for proteolytic cleavage of NKA
and from its precursor NPK. We propose that the hydro-
phobic C terminus of NPK gets inserted into the transmem-
brane region of the receptor, whereas the N terminus possibly
interacts with the extracellular loops and helps in positioning
the C terminus within the transmembrane region. Phe32,
Leu35, and Met36 of the peptide possibly form the anchoring
points in the NK2 receptor, contributing a major portion of
the binding energy. Further, theR helix (residues 27-33)
itself and also its particular orientation, which is provided
by the N terminus, are required to provide the conformational
prerequisites of residues important for receptor binding. The
sequence alignment of NKA, NPγ, and NPK and the
comparison of their structures lead us to hypothesize that a
common procedure of receptor binding exists. In fact, the
single residue responsible for the binding to the membrane,
the overall backbone structure of the C-terminal address
domain, is conserved, and the greater potency of NPK at
the NK2 receptors can be attributed to the folded N-terminal
domain.

Because the structural features of the peptide ligand have
been determined in isolation, there could be conformational
alterations to the structure upon the interaction with the
receptor. However, these structural features, which seem to
be essential for the biological activity, will probably be
maintained until NPK approaches its receptor. Nevertheless,
this could be a valuable starting point for the design of NPK
analogues to be used as pharmacological tools, particularly
useful, because classical structure-activity relationship data
are still not available for this peptide.

FIGURE 9: Sequence alignment and a graphic representation of the
lipid-bound conformation of NPK compared with NPγ and NKA.
The peptide backbone is shown as a ribbon tube (blue). Ionic
residues are colored red; polar residues are colored purple; and the
hydrophobic residues are colored yellow. The helical segment is
clearly visible.
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