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Conformational analysis in solution of gastrin releasing peptide
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Abstract

Gastrin releasing peptide (GRP) is the first peptide isolated from porcine gastric and intestinal tissues and is homologous to the car-
boxyl terminus of bombesin (Bn) isolated from the skin of the frog Bombina bombina. It is a member of the Bn-like peptides, which are
important in numerous biological and pathological processes. The Bn-like peptides show high sequence homology in their C-terminal
regions, but they have different selectivity for their receptors. In particular, GRP selectively binds to the GRP receptor (GRPR).
However, the molecular basis for this selectivity remains largely unknown. Here, we report the three-dimensional structure of GRP.
Hopefully, it could be helpful in a better understanding of the binding selectivity between GRP and GRPR.
� 2006 Elsevier Inc. All rights reserved.
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Gastrin releasing peptide (GRP) is a 27-residue peptide
that belongs to the family of bombesin (Bn)-like peptides
and was originally isolated from porcine stomach by using
the release of gastrin as a bioassay [1,2]. The Bn-like pep-
tides were first characterized in frog skin and later found
to have a broad distribution and a wide of actions in mam-
mals, including involvement in the secretion of gastrointes-
tinal peptide hormones [3], regulation of smooth muscle
contraction and body temperature [4,5], and functioning
as autocrine growth factors in human small-cell lung cancer
[6]. In mammals, GRP and neuromedin B (NMB) are typi-
cal Bn-like peptides. Despite sharing a high sequence
homology in their C-terminal regions (Table 1), Bn-like
peptides exhibit different selectivities for the Bn receptors
[7]. The Bn receptor family includes the GRP receptor
(GRPR) to which GRP selectively binds, the neuromedin
B receptor (NMBR), the amphibian bombesin receptor sub-
type 4 (BB4), and the orphan bombesin receptor subtype 3
(BRS-3). It is known that GRP has a few hundred-fold and
a thousand-fold higher affinity for the GRPR than NMBR
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and BRS-3, respectively [8,9]. Recent mutational and
molecular modeling studies of GRPR suggest the impor-
tance of several key amino acids in the GRPR for GRP
selectivity [8]. For instance, residues such as K101, A198,
S292, and T294 in GRPR and BRS-3 are likely to contrib-
ute to different selectivities for GRP [8]. Together with the
studies on receptors, structural studies on Bn-like peptides
have also been reported with interestingly somewhat diverg-
ing results. For example, bombesin exhibited an extended
flexible structure in water or lysolecithin micelles [10,11],
while NMB adopted a relaxed helical conformation in
aqueous TFE solution and SDS micelles [12]. In order to
find out whether significantly higher affinity of GRPR for
GRP originated from the N-terminal peptide sequence or
from an increased presence of secondary structure, we
determined the three-dimensional structure of GRP using
NMR spectroscopy and molecular dynamics simulations.

Materials and methods

Sample preparation. Gastrin releasing peptide (GRP) was synthesized
by American Peptides Co. Inc. (Sunnyvale, CA, USA). Its primary
structure is Val1-Pro-Leu-Pro-Ala-Gly-Gly-Gly-Thr-Val-Leu-Thr-Lys-
Met-Tyr-Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met27, and its
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Table 1
Comparison of the primary structure of GRP with those of other bombesin-like peptides

Peptide Sequence

Gastrin releasing peptide (GRP) VPLPAGGGTVLTKMYPRGNHWAVGHLM-NH2

Neuromedin B (NMB) GNLWATGHFM-NH2

Bombesin (Bn) EQRLGNQWAVGHLM-NH2

Bold letters denote identical residues.
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molecular weight is 2859.3 Da. The mass data obtained by ESI-MS (VG
platform, VG BIOTECH, Manchester, UK) were m/z 1430.5 ([M+2H]2+)
and the purity of the peptide determined by reversed-phase HPLC
(Waters, Milford, MA, USA) was 98%. For HPLC analysis, the following
conditions were used: an injection volume, 20 ll; column, C18 silica
(4.6 · 250 mm); eluent A, 0.1% trifluoroacetic acid (TFA) in water; eluent
B, 0.1% TFA in acetonitrile; flow rate, 1.5 ml/min; detection wavelength,
215 nm.

NMR spectroscopy. All NMR measurements were performed on a
Bruker Avance 600 spectrometer system (14.1 T, Karlsruhe, Germany)
with a cryoprobe at 298 K. The NMR spectra of 1H NMR, correlated
spectroscopy (COSY), total correlated spectroscopy (TOCSY), and
nuclear Overhauser and exchange spectroscopy (NOESY) were collected
in 90% H2O/10% D2O. The concentration of the sample was approxi-
mately 1 mM. For 1H NMR analysis, 16 transients were acquired with a
1 sec relaxation delay using 32 K data points. The 90� pulse was 11.0 ls
with a spectral width of 9615 Hz. Two-dimensional spectra were acquired
with 2048 data points for t2 and 256 for t1 using time proportional phase
increments except the COSY experiment, where magnitude mode was
applied. The NOESY experiment was performed with a mixing time of
400 ms. The mixing time for TOCSY with MLEV17 spin-lock pulse
program was 80 ms. In all experiments, water peaks were suppressed by
Table 2
1H chemical shifts (d,ppm) of GRP in water at 298 K

Residue Chemical shift

NH CaH CbH CcH a

Val1 — 4.08 2.21 0.90, 1
Pro2 — 4.32 2.19, 1.81 1.91; C
Leu3 8.34 4.50 1.49 1.66; C
Pro4 — 4.41 2.21, 1.78 1.89; C
Ala5 8.39 4.21 1.31 —
Gly6 8.38 3.89 — —
Gly7 8.26 3.90 — —
Gly8 8.29 3.92 — —
Thr9 8.06 4.25 4.08 1.08
Val10 8.18 4.01 1.96 0.84
Leu11 8.32 4.33 1.56 1.53; C
Thr12 7.97 4.16 4.08 1.09
Lys13 8.14 4.15 1.62, 1.57 1.23; C
Met14 8.08 4.32 1.79 2.39, 2
Tyr15 8.22 4.47 2.48 CdH 7
Pro16 — 4.30 2.13, 1.79 1.86; C
Arg17 8.34 4.23 1.77, 1.65 1.53; C
Gly18 8.28 3.83 — —
Asn19 8.14 — 2.93, 2.72 cNH2

His20 8.34 4.50 3.00, 2.92 2H 8.3
Trp21 7.95 4.53 3.14, 3.06 2H 7.0
Ala22 8.07 4.18 1.18 —
Val23 7.94 3.91 1.94 0.84
Gly24 8.36 3.81 — —
His25 8.21 4.54 3.11, 3.01 2H 8.4
Leu26 8.27 4.21 1.53 1.46; C
Met27 8.30 4.33 1.97, 1.87 2.49, 2

a Not observed.
presaturation. Prior to Fourier transformation, zero filling of 2 K and sine
squared bell window function were applied using XWIN-NMR (Bruker,
Karlsruhe, Germany) [13].

Structure calculation. Data analysis was carried out using Sparky [14].
Molecular modeling calculations, graphical representation, and structural
analyses were carried out with Insight II (Accelrys, San Diego, CA, USA)
on an O2 R12,000 Silicon Graphics workstation [15]. Distance constraints
were calculated using the relationship gij/gkl = (rkl/rij)

6, where g and r are the
nOe intensity and distance for the hydrogen atom pairs i, j and k, l,
respectively [16]. The interproton distance between geminal amide protons
of the Asn19 side chain was used as a reference distance of 1.74 Å. nOe
intensities were classified as strong, medium, and weak based on their dis-
tance ranges of 1.8–2.5, 2.5–3.5 and 3.5–5.0 Å, respectively. Dihedral angles
were obtained from the Karplus equation, 3JNHa = 6.7 cos2/ � 1.3 cos/
+ 1.5, where / is the dihedral angle between the NH and CaH proton [17].
The force field used for molecular dynamics (MD) and energy minimization
was the consistent valence force field (cvff) provided by Accelrys. Energy
minimization of the structures included steepest descents carried out until a
maximum derivative of 0.1 kcal/molÅ, and conjugate gradients followed
until a maximum derivative of 0.01 kcal/molÅ. After energy minimization,
MD was performed from 300 to 1000 K with 100 K increment steps. At
every step, MD was carried out for 2 ps. At 1000 K, MD was performed for
3JNHa (Hz)

nd others
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20 ps, and the output conformers were collected at every 0.2 ps and 100
conformers were saved in the history file. The conformer with the lowest
total energy was chosen and used for further MD simulation from 1000 to
300 K with 100 K steps. At 300 K, MD was carried out for 20 ps with 1 fs
steps. Its history file was written every 0.2 ps. Among the 100 conformers, 10
conformers showing the lowest total energy were selected and superim-
posed. Of these, the conformer with the lowest energy was chosen and a
statistical evaluation was performed using PROCHECK [18].

Results and discussion

The NMR data obtained in aqueous solution (90%
H2O/10% D2O) were assigned as follows. Among the 27
residues and excluding the N-terminal Val1 and the three
Pro side chains (Pro2, Pro4, and Pro16), 22 of the 23 possi-
ble cross peaks between NH and CaH were observed in the
COSY spectrum (Supplementary Fig. 1). However, the Pro
residues were easily assigned based on the TOCSY spec-
trum (Supplementary Fig. 2). The remaining Asn19 did
not show a cross peak between NH and CaH by virtue
of its proximity to the water peak; however, a peak
between NH and CbH was observable. Moreover, the con-
Fig. 1. The NOESY spectrum showing CaHi–NHi+1cross peaks. The
sequential assignments are indicated by solid lines.

Fig. 2. The nOe sequential map and ch
nectivities among NH, CaH, CbH, CcH, and other pro-
tons and their chemical shift assignments were based on
the TOCSY and COSY spectra (Supplementary Figs. 2
and 3). The cNH2 protons of Asn19 were assigned to be
6.76 and 7.37 ppm. The aromatic protons of Tyr15, His20,
Trp21, and His25 were assigned (Supplementary Fig. 4).
The resulting 1H chemical shifts of the GRP are listed in
Table 2.

A sequential assignment was obtained from the NOESY
spectrum as shown in the fingerprint (Fig. 1) and the
NH–NH regions (Supplementary Fig. 5). A total of 111
nOe cross peaks observed. Among them, 54 were inter-res-
idue and sequential nOes. The sequential and medium-
range nOes, 3JNHa coupling constants, and the chemical
shift indices (CSI) [19] are summarized in Fig. 2. While a
continuous negative value from the chemical shift index
indicates that residues Thr12 to Gly18 may be involved in
helical structure, the spectral information does not provide
any clear evidence for significant, well-defined secondary
structure elements.

In the simulated annealing, 10 structures of low total
energy were obtained using the distances calculated from
nOe data and the dihedral angles from 3JNHa. In the final
simulated annealing step, the peptide was subjected to
energy minimization and molecular dynamics at 300 K,
1 atm for 20 ps with 1 fs at each step (Supplementary
Fig. 6). The total energy was ranged within 10 kcal/mol.
In addition, the value of the root mean square deviation
(RMSD) of 10 superimposed backbone structures was
0.91 Å (Supplementary Fig. 7). Therefore, it could be con-
sidered that the structure of GRP was conserved during
MD simulations. The structure with the lowest total energy
was chosen and evaluated using PROCHECK. The statis-
tical analysis of Ramachandran plot showed that 47.2% of
the residues are in the most favored region, 52.8% in the
additional allowed region, and 0% in the generously
allowed region and the disallowed region (Supplementary
Fig. 8). Summary of experimental constraints and statisti-
cal analysis results are listed in Table 3.

As mentioned before, we expected the peptide may
have a helix based on its chemical shift index (CSI) anal-
ysis. However, as shown in Fig. 3, there is not a helix in
the peptide structure between Thr12 and Gly18. This result
was not consistent with those obtained from the CSI. On
emical shift indices (CSI) of GRP.



Table 3
Summary of experimental constraints and statistical analysis of GRP

Experimental distance constraints
Total number of nOe 111
Intra-residue nOea 57
Inter-residue nOe 26
Sequential nOe 28

Dihedral constraints 10

RMSD (Å) to a mean structure
Backbone atoms 0.91 ± 0.23
Heavy atoms 0.97 ± 0.25

Ramachandran plot of residuesb(%)
In most favored regions 47.2
In additional allowed regions 52.8
In generously allowed regions 0
In disallowed regions 0

a Not used in the structure calculation.
b Calculated by PROCHECK.

Fig. 3. Ribbon representation of the overall NMR structure of GRP.

Fig. 4. Two different side-views of the Connolly surface of GRP. (red: the
interpretation of the references to color in this figure legend, the reader is refe
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the other hand, interestingly, the N-terminal region of the
peptide between Ala5 and Thr9 showed a short helix-like
structure. Furthermore, the Bn-like peptides share the
similar amino acids in their C-terminal regions (Table 1)
and the amino acids are considered to play an important
role in selective binding for the Bn receptors. In addition,
the C-terminal structure of GRP is similar to that of bom-
besin. They show flexible conformations in water or lyso-
lecithin micelles [10,11]. In the case of NMB, it has an
ordered helical structure in aqueous TFE solution and
SDS micelles [12].

The Connolly surface of GRP was evaluated by Insight
II, which provided rich information regarding the hydro-
phobicity of the peptide. The peptide consists of fifteen
hydrophobic residues and seven hydrophilic residues. As
expected, its overall property of the surface is hydrophobic
as shown in Fig. 4.

In conclusion, using NMR and MD simulations we have
obtained the solution structure of GRP. The overall struc-
ture of the peptide did not show any ordered secondary
structure, but in the N-terminal region of the peptide, a
shot helix-like structure was observed. In order to under-
stand the structural basis for the selectivity of GRP for
the GRPR, not only the structure of GRP but also that
of GRPR is needed. Therefore, we can only conjecture
the counter site of GRPR for binding based on our result.
As shown in Fig. 4, GRP has large hydrophobic surface
composed of V10, V23, L3, and M14, and small hydrophil-
ic surface of R17. Accordingly, the binding site of GRPR
for GRP could consist of large hydrophobic and small
hydrophilic surface. Nakagawa et al. [8] suggested the
putative binding site of GRPR obtained by molecular
dynamics, where 8 residues within 6Å

´
of the proposed

binding pocket such as H186, V187, K188, D189, A198,
S293, E294, and T304 of GRPR are the key residues for
GRP selectivity. However, it was not consistent with our
conjecture. Unfortunately, any 3D structures of bombesin
receptor family, including GRPR and bombesin-like pep-
tides have not been solved yet. Because GRPR is a mem-
brane protein and the structural study on the GRPR is
most hydrophobic; blue: the most hydrophilic; white: medium). (For
rred to the web version of this paper.)
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relatively difficult to carry out with other cytosolic pro-
teins, the structure of GRP obtained from this experiment
cannot be compared with them. However, we hope that its
structure will be solved in the near future, and our structur-
al studies on GRP could be helpful in a better understand-
ing of the binding selectivity between GRP and GRPR.
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