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ABSTRACT

In the present work, the results of a computational study aimed at assessing the 

conformational profile of bombesin are reported. The conformational space of the peptide was 

sampled by means of a 4µs accelerated molecular dynamics simulation in water, using an explicit 

solvent model. The results were analyzed using Principal Component Analysis to get essential 

information on peptide fluctuations, along with cluster analysis to characterize different 

conformations in the sample. Analysis of the results suggests that the peptide adopts helical 

structures at the C-terminus that tend to unwind at the end of the peptide chain, since there are 

many structures exhibiting only two turns of a helix at the central segment of the peptide. In addition, 

the peptide also adopts hairpin turn structures at the N-terminus. Results of the simulation were 

confronted with available NMR results in a 2,2,2-trifluoroethanol/water (30% v/v) solution. 

Distances deduced form NOEs experiments only provide support to the presence of helical 

conformations that represent the most populated structures in the simulation. The absence of other 

conformations in the NMR experiments can be explained to be due to the α-helix enhancing nature 

of the solvent used in the experiments.
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INTRODUCTION

Bombesin, a tetradecapeptide with the sequence: Glp1-Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-

Ala9-Val10-Gly11-His12-Leu13-Met14-NH2 (Glp = pyroglutamic acid) was originally isolated from the 

skin of the European frog Bombina bombina[1]. After its discovery, other peptides with high 

sequence identity like Ranatensin, Alytensin, Phyllolitorin or Litorin among others, were 

subsequently characterized[2,3]. Members of this family can be classified into three groups 

according to the sequence of the C-terminus: a first group is comprised by the bombesin related 

peptides with sequence: Gly-His-Leu-Met-NH2; a second group is comprised of the litorin-

ranatensin related peptides with sequence Gly-His-Phe-Met-NH2; and a third group comprising the 

phyllolitorin related peptides with sequence: Gly-Ser-Phe(Leu)-Met-NH2. Despite these peptides 

were originally isolated from the skin of diverse amphibians, it was later found that they are also 

widely distributed in mammals[4]. Specifically, only two peptides of this family have been isolated in 

mammals until now: Neuromedin B (NMB)[5], a member of the litorin-ranatensin family and the 

Gastrin-releasing peptide (GRP)[6], a 27 residue long peptide together with its short version 

retaining full activity, the GPR(18-27) -also known as Neuromedin C (NMC)- that belongs to the 

bombesin related peptides group. These two peptides have homologous C-terminal segments and 

share an identical C-terminal heptapeptide.

These peptides are involved in a wide spectrum of biological activities both, in the central 

nervous system including satiety, control of circadian rhythm, thermoregulation and in peripheral 

tissues, including stimulation of gastrointestinal hormone release, activation of macrophages and 

effects on development[7]. Actions of these peptides are mediated through three GPCRs: BB1, BB2 

and BB3
[8]. Bombesin exhibits nanomolar affinity for the BB2 receptor and about ten times lower 

affinity for BB1, showing no affinity for the BB3 receptor. In contrast, NMB exhibits nanomolar affinity 

for BB1 and about fifty times lower affinity for BB2 receptor[9]. The BB3 is considered an orphan 

receptor, since no endogenous ligand has yet been identified. It is involved in energy balance, 

glucose homeostasis, control of body weight or tumor growth. Due to the wide spectrum of 

biological activities mediated by the bombesin receptors, there is a considerable interest in the 

clinical potential of novel agonist and/or antagonist, particularly in the fight against cancer[10,11]. 

Also, due to its role in the control of appetite, metabolism, and chronic itching they are interesting 

targets for drug discovery[12,13]. In order to develop new drugs targeting bombesin receptors, it is 

necessary a deeper understanding of the structure-activity relationships of these peptides. 

Specifically, identification of the features of the bioactive conformation is necessary to understand 

the relative position of key residues involved in recognition and activation[14,15]. 



4

In regard to bombesin, it was soon demonstrated that the analog bombesin(6-14) is the 

shortest peptide sequence retaining full activity[16,17]. Moreover, the synthesis and biological 

evaluation of diverse peptide analogs soon demonstrated that residues Trp8 and His12 are important 

for the activity of the peptide[18] and that Met14 is key for activity, since its deletion transforms the 

peptide into a potent antagonist[19]. In addition to identify key residues necessary for the biological 

activity of bombesin, it is also important to understand the conformational features of the peptide. 

Concerning its structure, spectroscopy studies including NMR[20-24], Infrared (IR)[25], Circular 

Dichroism (CD) and Fluorescence spectroscopy[26] with the use of different solvents like water, 

dimethylsulfoxide (DMSO) or 2,2,2-trifluoroethanol-water mixtures have provided information of the 

conformational features of bombesin. Specifically, NMR reports in water and DMSO[20-22] describe 

the structure of bombesin as a random coil. In contrast, NMR experiments of bombesin carried out 

in a 2,2,2-trifluoroethanol/water mixture (30% v/v)[23,24] report that the C-terminal segment of the 

peptide ranging from residue 6 to 14 displays a helical conformation, although with residues 11 to 

14 less sharply structured. Moreover, it was also concluded that the first two N-terminal residues 

adopt an extended conformation, while the region between residues 3 and 5 exhibits a great deal 

of flexibility. IR[25], CD and Fluorescence studies[26] also confirm the adoption of a helical 

conformation when the peptide is incorporated into lipid environments. 

Computational studies addressed to assess the conformational profile of bombesin have 

been also been reported in the past[27]. Thus, Replica Exchange Molecular Dynamics simulations 

in implicit solvent showed that the peptide attains a helical structure on the segment bombesin(6-

14) with a tendency to unwind at the C-terminus. Moreover, these results also show a frequent 

occurrence of conformations that bring together the side chains of aromatic residues Trp8 and His12 

in close proximity, fact that was considered important to explain the importance of these two 

residues in peptide binding. However, there still open questions regarding the conformational profile 

of bombesin like, does the peptide adopt any other significant conformation in addition to the helical 

one? Or, do residues Trp8 and His12 play a role in the stability of the helical structure? Access to 

faster computers, as well as to more efficient algorithms permits nowadays to perform thorough 

samplings of flexible molecules. In the present study, we report the results of a detailed 

computational study of bombesin in water, using accelerated molecular dynamics (aMD) as 

sampling technique in explicit solvent. Present results confirm the tendency of the peptide to adopt 

a helical conformation in the middle and C-terminal segments. In addition, present results also 

show a less populated conformation where the peptide adopts a hairpin turn structure at the N-

terminus of the peptide.
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METHODS

The starting structure of the peptide in its extended conformation was generated by means 

of the LEaP program embedded in the Amber 12 software[28]. Subsequently, the structure was 

soaked in a rectangular cuboid box of equilibrated TIP3P water molecules[29]. The system, 

composed by the peptide and 25140 water molecules, was neutralized by the addition of one 

chloride ion. Conformational sampling was carried out after a 4 μs aMD simulation at 300 K, 

following the protocol previously proposed by McCammon et al. and implemented in Amber 12[30,31]. 

Specifically, a biased potential is applied to the total energy and the dihedral torsional energy. The 

simulation was carried out in the NVT collective using the ff99SB force field[32] at 300K and periodic 

boundary conditions. A cutoff of 10 Å was used for the calculation of the non-covalent interactions 

and electrostatic interactions were treated using the PME method. Before starting the aMD 

simulation, the structure was energy minimized through 2500 steps of the steepest descent method 

followed by a few iterations using the conjugate gradient algorithm in order to remove possible 

steric clashes. In a subsequent step the system was heated up to 300K using a 100 ps NVT 

molecular dynamics (MD) calculation at a rate of 30 K per 10 ps and equilibrated thought 1 ns of 

NPT MD and 1 ns of NVT MD. At this point a 10 ns NVT MD was performed in order to determine 

the average potential energy (Ep), the mean dihedral energy (Ed), as well as the parameters αP 

and αD, necessary for the subsequent aMD simulation. During the simulations, the temperature 

was kept at 300 K thought the Langevin thermostat with a collision frequency of 2 ps-1. Moreover, 

the SHAKE algorithm was used in order to constrain all bonds involving hydrogen atoms allowing 

us to use an integration step of 2 fs. After completion of the aMD calculation, effects due to the 

energy bias were removed using a ten order Maclaurin series reweighting for each configuration in 

order to recover a canonical ensemble[30].

RESULTS AND DISCUSSION

The conformational profile of the peptide was assessed using 400,000 structures extracted 

at regular intervals from the 4 μs aMD trajectory. In order to extract the most relevant information 

about the flexibility of the peptide, the sample was subjected to Principal Component Analysis 

(PCA)[35] using the cpptraj module embedded in Amber 12[28]. For this purpose, the 400,000 

structures were first superimposed to a structure of reference using the backbone coordinates of 

the diverse residues without including the N- and the C-terminal ones. Then, the displacements of 

the backbone atoms in regard to the average structure were used to compute a covariance matrix 

that was subsequently diagonalized to obtain the set of principal components (PCs) together with 
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their eigenvalues. Once the PCs were rank ordered according to their eigenvalues, the results 

showed that the first PC captures 23.2% of the variance of the system; the first two PCs capture 

40.8% of the variance and the addition of a third component PC3, capture a variance of 52.8%. 

The low variance captured by PC1 can be attributed to the large flexibility of the peptide, as found 

in similar studies[36]. Diverse analysis using different number of snapshots were carried out in the 

present work to rule out a possible bias in the procedure. In a subsequent step, the 400,000 

structures were subjected to cluster analysis using of the average linkage algorithm[37]. For this 

purpose, the backbone Cα root-mean-square deviation of residues 2-13 was used as a measure 

for the distance between two conformations. Comparison of the results obtained using a different 

number of clusters suggested that four clusters was adequate to explain qualitatively the 

conformational profile of the peptide. Figure 1 depicts pictorially the 400,000 structures in the space 

defined by the three first components PC1- PC3 and its projection onto the (PC1, PC2) plane with 

the diverse clusters depicted in different colors. Analysis of the Figure permits to observe that 

although clusters #1, #3 and #4 are overlapped in the (PC1, PC2) map, they can be partially 

segregated when three PCs are used. Moreover, even using three PCs there is still some overlap 

between clusters #1 and #4 due to the similarity of the structures contained in both clusters, as 

described later. 

Analysis of the secondary structure contents of the diverse structures of the different clusters 

permits to obtain a simplified picture of the conformational features of the structures in each cluster. 

Figures 2a-d show for each of the clusters the secondary structure adopted by the diverse residues 

(Y-axis) in each of the structures (X-axis), using a color-coded diagram. Thus, analysis of Figure 

2a suggests -considering together helical secondary motifs and turns- that cluster #1 (in red in 

Figure 1) includes partially helical structures of diverse lengths at the central segment of the 

peptide. Figure 3a depicts pictorially a representative structure of this cluster (the pdb file of the 

structure is provided as supplementary material). Analysis of Figure 2b suggests that cluster#2 (in 

green in Figure 1) contains structures with a hairpin turn conformation at the N-terminus involving 

residues Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-Val10. Figure 3b depicts pictorially a 

representative structure of this cluster (the pdb file of the structure is provided as supplementary 

material). Analysis of Figure 2c suggest that cluster#3 (in navy blue in Figure 1) contains 

intermediate structures that exhibit diverse combination of turns, as for example the structure 

shown in Figure 3c (the pdb file of the structure is provided as supplementary material). Finally, 

analysis of Figure 2d suggest that cluster#4 (in magenta in Figure 1) contains helical structures 
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involving residues 6-14, as shown in Figure 3d that are closely related with the structures of 

cluster#1 (the pdb file of the structure depicted in Figure 3d is provided as supplementary material).

Another interesting result from the representation of the structures in the PCs space is that 

the density of points provides insight into the preferred conformations visited during the sampling 

process. Moreover, these points can be associated with the features of the free energy landscape 

(FEL) of the peptide and consequently, permits to identify low free energy conformations as well 

as the difference between them[35]. Figure 4 shows the projection of the 400,000 structures onto 

the PC1 and PC2 using a color code that depicts the density of structures contained in a small 

square used as probe to analyze the space. Inspection of Figure 4 permits to identify four minima. 

Minimum #1 is located on cluster#1 at coordinates (6,-2.5) and is the most populated, being 

representative structure is a partial helix located on the central segment of the peptide similar to 

the representative structure of cluster#1, as shown in Figure 5a (pdb file is provided as 

supplementary material). Minimum #2 is located in the region of cluster#2 at coordinates (-9.5,-3), 

being its representative structure a hairpin turn at the N-terminus involving residues Gln2-Arg3-Leu4-

Gly5-Asn6-Gln7-Trp8-Ala9-Val10 similar to the representative structure of cluster#2, as shown in 

Figure 5b (pdb file is provided as supplementary material). The representative structure of minimum 

#3 located at coordinates (-4.5,-10) can be considered an intermediate structure exhibiting a turn 

of a helix, as shown in Figure 5c (pdb file is provided as supplementary material). Finally, the 

representative structure of minimum #4 located at coordinates (-9.5,-9.5) can also be considered 

as an intermediate structure with diverse turns, as shown in Figure 5d (pdb file is provided as 

supplementary material). These latter two could be considered as kinetic traps.

Analysis of these results provide an emerging qualitative picture of the conformational profile 

of bombesin: the peptide attains diverse conformations being the most populated the α-helix 

involving diverse residues at the central and C-terminus segments. On the one hand, cluster#4 

includes a large population of helical structures involving residues Asn6-Gln7-Trp8-Ala9-Val10-Gly11-

His12-Leu13-Met14 and on the other, there is the large population of partially helical structures 

included in cluster #1 that exhibit a few turns of a helix, suggesting the relevance of the helical 

conformation in the conformational profile of the peptide. These results taken together permit to 

interpret that the peptide is likely to attend helical structures with a tendency to unwind at the C-

terminus. These structures correspond to those identified in a previous work of this laboratory[27] 

and agrees well with the results found in NMR experiments[20]. Moreover, the peptide also adopts 

hairpin turn conformations involving residues at the N-terminus. The rest of the structures 

correspond to partially folded structures, some of them very populated.
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The presence of helical structures at the C-terminus of the peptide could be associated to 

the activity of the peptide since bombesin(6-14) is the shortest segment retaining full activity[16,17]. 

However, there are important structural differences between a α-helix involving residues 6-14 and 

a partial helix involving a few residues in the middle segment that can be relevant to explain the 

biological activity of the peptide. Structure-activity studies showed the importance of residues Trp8 

and His12 for the activity of the peptide. This can be interpreted in structural terms that these 

residues play a role in stabilizing the bioactive conformation of the peptide or alternatively that they 

are directly involved in the recognition by its receptors. The distribution of the distance between the 

centers of Trp8 and His12 side chain aromatic rings monitored along the MD trajectory displayed in 

Figure 6 shows sample a wide set of distances with a maximum between 8-13 Å. Actually, 

conformations belonging to cluster#2, cluster#3 and cluster#4 exhibit distances between aromatic 

rings in this range. In contrast, structures belonging to cluster#1 that are partially helical (Figure 3a) 

exhibit distances ≤ 7 Å. These type of structures permit the side chains of Trp8 and His12 to be 

involved in a quadrupole-quadrupole interaction stabilizing the conformation[38]. Actually, side 

chain-side chain interactions compensate the loss of helicity at the C-terminus in this type of 

structures explaining why this conformation is the most populated structure in the sampling, 

representing minimum #1 on the FEL. The importance of adoption of a partial helix at the middle 

segment for receptor recognition is further reinforced from the results of activity exhibited by diverse 

bombesin analogs that incorporate turn mimetics in substitution of residues Val10-Gly11[39].

The peptide also adopts hairpin turn conformations at the N-terminus involving residues 

Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-Val10 (Figure 3b). Actually, the structure is stabilized by 

hydrogen bonds between the amide hydrogen of Leu4 and the carbonyl oxygen of Gln7 adopting a 

reverse type II β-turn and between the carbonyl oxygen of Gln2 and the amide hydrogen of Val10 

that stabilizes the hairpin. This structure corresponds to minimum M2 and it is quite abundant in 

cluster#2. In these structures the side chains of Trp8 and His12 do not interact since distances are 

longer than 10 Å, although we cannot rule out that may be relevant for receptor recognition. An 

interesting feature of these structures is that one face of the structure aligns side chains of 

hydrophobic residues, whereas the other face involves polar side chains. This structure is very 

likely to be adopted by the peptide in lipid-aqueous interfaces. In the FEL there are other two 

minima represent intermediate structures and can be considered as kinetic traps.

Results of the sampling can be contrasted with the results derived from NMR studies in 2,2,2-

trifluoroethanol/water mixture (30% v/v)[23,24]. Specifically, the intensity of the signals obtained from 

Nuclear Overhauser Effect (NOE) experiments, which stem from cross-relaxation between proton 
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pairs in NMR experiments are related to the distance between the protons involved, permitting a 

direct comparison with the results of the molecular dynamics trajectory[33]. According to the 

literature[34], strong NOE peaks correspond to proton-proton distances in the interval 1,8-2,7 Å; 

medium NOE peaks in the interval 1,8-3,3 Å, weak NOE peaks in the interval 1,8-5,0 Å and very 

weak in the interval 1.8-6.0 Å.  

Figure 7 shows in orange the distance intervals derived from NOEs experiments according 

to their intensity, along with the distance intervals sampled by the peptide during the simulation. 

Inspection of Figure 7 shows that all distance intervals derived from NMR experiments are sampled 

during the simulation, although during the sampling process the peptide also explores alternative 

distances that are not detected in the experiments. In order to characterize the structures 

compatible with the distances derived from NMR experiments, Figures 8a-d shows the same 

diagram of Figure 6 depicting distances from the set of structures embedded in the square defining 

each of the minima in the FEL. As can be seen, structures representing minimum M1 (Figure 8a) 

fit better, although none of the structures completely fulfill the distances derived from NOEs 

experiments. In other to understand better the features of the experimental structure, we measured 

the corresponding distances on the representative structures of the different clusters (Figures 3a-

d). Interestingly, the representative structure of cluster#4 (Figure 3d) fits the best, except for the N-

terminus residues, clearly indicating that in the structure derived from NMR all residues are in a 

helical conformation. In order to conceal the results from the simulation and from NMR experiments, 

it is necessary to consider that a peptide in solution is flexible enough to adopt diverse 

conformations, although in this case, the α-helix is a very populated conformation. On the other 

hand, the helix enhancing nature of the 2,2,2-trifluoroethanol may bias the experiments, inducing 

more structured conformations and consequently, increasing the population of helical 

conformations determined experimentally[40].

From a structure-activity perspective, since the segment bombesin(6-14) is known to retain 

full activity, helical structures located in the middle and C-terminal segments should be considered 

relevant for peptide recognition. Moreover, experimental results indicate that Met14 is key for 

receptor activation and that Trp8 and His12 are relevant for receptor recognition. These results are 

compatible with a binding mode of bombesin into its receptor through the C-terminus, in such a 

way that the peptide adopts a helical structure. This permits residue Met14 to be the most deeply 

inserted in connection with its role to be involved in activation[41]. 

In order to understand the type of helical structure adopted by the peptide when bound to its 

receptor, it is important to analyze the geometries sampled by the side chains of Trp8 and His12. 
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Distances between the centers of the two aromatic moieties of the respective side chains range 

from 5 Å to more than 13 Å suggesting that the peptide is quite flexible. Distances more frequently 

sampled correspond to helical structures and hairpin turns, whereas lower distances correspond to 

structures of cluster#1 that exhibit a partial helical structure in the middle segment. In these latter 

structures, the side chains of Trp8 and His12 are involved in a quadrupole-quadrupole interactions 

that permit to compensate the loss of helicity of the C-terminus segment explaining the large 

population sampled. Accordingly, there are two possible binding modes. In one, the peptide adopts 

a partial helical structure stabilized by the side chains of Trp8 and His12 that permits the side chains 

of the rest of the C-terminus residues to adopt a conformation suitable for binding. In the other, the 

peptide adopts a helix, where the side chains of Trp8 and His12 do not interact, but adopt a distance 

suitable for binding to specific residues of the receptor. Unfortunately, the information available 

does not permit to discard any of the two hypothesis. Further investigations involving modeling of 

the bombesin receptors are necessary to rule out one of the hypothesis.

CONCLUSIONS

The conformational profile of bombesin was assessed in the present work through a 

computational study. Specifically, a 4µs accelerated molecular dynamics trajectory was used to 

sample the conformational space. Analysis of the trajectory was carried out by means of Principal 

Component Analysis that permitted to extract the essential information of the fluctuations of the 

peptide complemented by cluster analysis that permitted to classify the diverse conformations 

sampled in different subsets.

The analysis of the sampling reveals the tendency of the peptide to adopt helical structures 

at the C-terminus of the peptide as the most populated conformation. More specifically, the peptide 

adopts a α-helix conformation involving residues Asn6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Leu13-Met14 

as well as partially helical structures involving two or three helix turns at the central segment of the 

peptide, being these latter more abundant. The coexistence of these two type of helical 

conformations can be interpreted considering that the peptide exhibits a α-helix at the C-terminus 

that tends to unwind in its last residues. In addition, the peptide adopts hairpin structures at the N-

terminus involving residues Gln2-Arg3-Leu4-Gly5-Asn6-Gln7-Trp8-Ala9-Val10. This structure permits 

to obtain a structure with one side hydrophilic and the opposite hydrophobic. These two structures 

appear as minima in the FEL of the peptide in this work. The rest of structures can be considered 

as intermediate structures. Interestingly, there are two of the structures that appear very populated 

in the FEL and can be considered as kinetic traps. These results agree well with the conclusions 

of previous NMR experiments carried out in 2,2,2-trifluoroethanol.
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The features of the bombesin structure sketched in this work permits to speculate that the 

peptide binds into its receptor through the C-terminus, in such a way that the peptide adopts a 

helical structure. This permits residue Met14 to be the most deeply inserted in connection with its 

role to be involved in activation.  
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CAPTIONS TO THE FIGURES

Figure 1. Projection of the 400,000 structures selected for the analysis onto their Princial 

Components. a) Projection onto the three Principal Components PC1-PC3; b) Projection onto 

components PC1 and PC2. Structures are depicted in colors according to the cluster they belong: 

cluster#1 red; cluster#2 green; cluster#3 blue; cluster#4 magenta.

Figure 2. Secondary structure adopted by the diverse residues (Y-axis) in the 400,000 structures 

(X-axis) used for analysis. The color code used is: helix (magenta); turn (blueish-green); extended 

(yellow). a) Structures of cluster#1; b) Structures of cluster#2; c) Structures of cluster#3; d) 

Structures of cluster#4. 

Figure 3. Structures representing the diverse clusters. (a) Cluster#1; (b) cluster#2; (c) cluster#3; 

(d) cluster#4.

Figure 4. Contour plot of the Free energy landscape of the peptide. Low regions are plotted in dark 

blue, whereas high regions in red. The location of the four minima is also indicated.

Figure 5. Structures representing the diverse minima identified in the sampling process. (a) 

Minimum M1; (b) minimum M2; (c) minimum M3; (d) minimum M4.

Figure 6. Distribution of the distance between the centers of the aromatic rings of the side chains 

of residues Trp8 and His12. 

Figure 7. Comparison of the distances deduced from NOEs experiments of bombesin in 

trifluoethanol/water 30% (v/v) (refs. 23 and 24) and sampled during the whole trajectory of the 

simulation.

Figure 8. Same as Figure 6 for the distances representing the diverse minima, considering all the 

structures in the probe square used to draw the FEL of the peptide (Figure 4). (a) Minimum M1; (b) 

minimum M2; (c) minimum M3; (d) minimum M4.
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