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Graphical abstract 

 

Highlights 

 The manuscript describes a computational study of the differential conformational behavior of the 

alanine dipeptide in diverse solvents including chloroform, methanol, DMSO, water and methyl 

formamide.  

 This study is important to understand the conformational behavior of peptides in diverse solvents, since 

the dialanine dipeptide is a model molecule to for peptides.  

 The manuscript discusses the role of inter- and intra-molecular interactions to understand the differential 

behavior of the molecule in the diverse solvents. 
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 This work aims to shed light into the controversy found in the literature between experimental and 

theoretical calculations of the dialanine dipeptide in water.  

 There has never been published a comparative computational study of the effect of the solvent on the 

molecule.  

 

 

 

 

Abstract 

In general, peptides do not exhibit a well-defined conformational profile in solution. However, despite 

the experimental blurred picture associated with their structure, compelling spectroscopic evidence shows that 

peptides exhibit local order. The conformational profile of a peptide is the result of a balance between 

intramolecular interactions between different atoms of the molecule and intermolecular interactions between 

atoms of the molecule and the solvent. Accordingly, the conformational profile of a peptide will change upon 

the properties of the solvent it is soaked. To get insight into the balance between intra- and intermolecular 

interactions on the conformational preferences of the peptide backbone we have studied the conformational 

profile of the alanine dipeptide in diverse solvents using molecular dynamics as sampling technique. Solvents 

studied include chloroform, methanol, dimethyl sulfoxide, water and N-methylacetamide. Different treatments 

of the solvent have been studied in the present work including explicit solvent molecules, a generalized Born 

model and using the bulk dielectric constant of the solvent. The diverse calculations identify four major 

conformations with different populations in the diverse solvents: the C7
eq only sampled in chloroform; the C5 or 

extended conformation; the polyproline (PII) conformation and the right-handed α-helix conformation (αR). The 

results of present calculations permit to analyze how the balance between intra- and intermolecular 

interactions explains the populations of the diverse conformations observed. 

 

Introduction 

Peptide conformational features are intrinsically determined by its amino acid sequence and modulated 

by the environment. There are numerous examples reported in the literature where peptides adopt bound 

conformations different to those exhibited in solution [1,2] or peptides adopting different conformations in 

diverse solvents [3]. There are even examples where peptide segments adopt different conformations in 

diverse proteins, like the segment Asn-Ala-Ala-Ile-Arg-Ser that adopts a helical structure in 

phosphofructokinase and an extended conformation in thermolysin. In any case, the conformation peptides 

attain in diverse environments will correspond to the one with the lowest free energy. Alternatively, at the 
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molecular level the available conformational states of a peptide are the result of a balance between 

intramolecular interactions that dictate its intrinsic conformational features and intermolecular interactions with 

the environment [4]. A profound understanding of the interplay between intra- and intermolecular interactions 

is key to understand protein folding and at large, molecular recognition. To get insight into the balance 

between intra- and intermolecular interactions on the conformational preferences of the peptide backbone it is 

useful to use model molecules that can also be used to compare the performance of different methodologies. 

In this direction, the alanine dipeptide or (S)-2-acetylamino-N-methylpropanamide has been paradigmatically 

used for this purpose in the past [5] and it is the object of the present study. 

The conformational profile of the alanine dipeptide both in vacuo as well as in aqueous solution has 

been thoroughly investigated in previous studies using diverse computational methods and experimental 

techniques [6-29]. Figure 1a shows a partition of the Ramachandran map used in the present work that 

permits to label the diverse conformations as a function of the dihedral angles ϕ and ψ and Figures 1b-1e 

show pictorially the geometries of the most populated conformations. Diverse computational studies identify 

the C7
eq conformation as the lowest energy structure in vacuo followed by the extended C5 and the C7

axial 

conformations in increasing order of energy [7] in good agreement with available experimental results. 

Specifically, in a recent microwave spectroscopy study it was found that the alanine dipeptide populates both 

the C7
eq and the C5 conformations in a proportion 2:1 in the gas phase [18]. Interestingly, studies of the 

alanine dipeptide in vacuo are conclusive in discarding the right-handed α-helix (αR) or the polyproline II (PII) 

conformations as low energy minima. This is an intriguing result since the former is often found in helical parts 

of globular proteins [19] and the latter is known to be the most abundant structure found in solution [20]. This 

result suggests that the environment created by either the rest of the protein or the solvent substantially 

modifies the conformational profile of the molecule. 

Diverse experimental studies aimed to understand the conformational profile of the alanine dipeptide in 

water including IR and Raman spectroscopy [21, 22], as well as CD or NMR spectroscopy [23, 24] suggest 

that the molecule preferably adopts the PII conformation, being the C5 and αR conformations -in decreasing 

order of population- also attainable. Alternatively, diverse computational studies devoted to characterize the 

conformational profile of the alanine dipeptide in water identify conformations PII, C5 and αR as low energy 

minima. Unfortunately, different methods and approximations used to perform the calculations including basis 

set and level of theory at the ab initio level or force field parameters and water models at the molecular 

mechanics level provide a different energy rank order [13]. Despite this controversy, computational studies 

provide invaluable information about solvent distribution around the alanine dipeptide, pointing to the degree 

of hydration as the reason for the differential stability of the diverse conformations in water [25].  

In order to get a deeper insight into the effect of the solvent on the conformational profile of the alanine 

dipeptide it seems interesting to extend these studies to different solvents. In a pioneering report combining 

NMR and CD spectroscopies, together with molecular mechanics calculations it was found that the C7
eq 
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conformation was the dominant structure in non-polar solvents, whereas the αR and PPII conformations were 

preferred conformations in polar ones [26]. More recently, IR and Raman spectroscopy studies showed 

compelling evidence that the most populated conformation of the alanine dipeptide in DMSO is the C5 

conformation followed by the PII, whereas the αR conformation exhibits a similar population as in water [22]. 

From the theoretical side only a few calculations of the alanine dipeptide have been carried out in non-

aqueous solvents. Thus, in a recent report, ab initio calculations at the Hartree-Fock and DFT levels using 

extended basis sets and with the solvent effect evaluated using an implementation of the COSMO reaction 

field method, identified the C5 as the most stable conformation in chloroform, followed by the C7
eq, PII and αR 

in increasing order of energy [27]. Similarly, in a recent study combining NMR spectroscopy and DFT 

calculations, devoted to understand the conformational preferences of the alanine dipeptide in solvents of 

diverse polarity, it was concluded that populations of the C5 and C7
eq conformations decrease with the 

increasing polarity of the solvent, whereas the αR conformation population shows the opposite trend [28]. 

More recently, in a QM/MM study devoted to understand the conformational behavior of the alanine dipeptide 

in ethanol-water mixtures it is shown that in contrast to the results in water, the αR conformation exhibits lower 

energy than the PII conformation in ethanol [29]. 

Aimed at providing new insights into the features of the conformational profile of the alanine dipeptide 

in non-aqueous solvents we report in the present work the results of diverse molecular dynamics simulations 

using explicit solvent of the alanine dipeptide in diverse solvents including chloroform, methanol, dimethyl 

sulfoxide (DMSO), water and N-methylacetamide (NMA) and compare with the results obtained using a 

generalized Born model and the corresponding bulk dielectric constant of the solvent. 

Methods 

All the calculations reported in the present work were carried out by means of the AMBER14 software 

package [30] using the Sander and PMEMD programs in its CPU and GPU versions and the ff14SB force field 

[31]. The initial 3D structure of the alanine dipeptide was generated in its extended form using the Leap 

module of Ambertools16 [32].  

The potential of mean force of the alanine dipeptide at 300K in diverse solvents including chloroform 

[33], methanol [33], DMSO [34], water (TIP3P) [35] and NMA [33] was computed using molecular dynamics 

simulations. Three approaches were used to simulate solvent effects: first, an explicit representation of 

solvent molecules; second, a representation of solvent effects by means of a generalized Born (GB); and 

third, an effective dielectric constant.  

In the molecular dynamics simulations with explicit solvent the alanine dipeptide was placed in the 

center of a cubic box of solvent molecules with dimensions large enough that the minimum distance between 

any atom of the solute and the edge of the box was larger than 15 Å. Solvent molecules closer than 1.8 Å to 

any of the atoms of the alanine dipeptide were removed. Next, the systems were optimized by means of 
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10000 steps of the Steepest Descent algorithm to adapt the solvent-solute interface. The minimized structures 

were heated at 300 K at a constant rate of 30 K/10 ps. Then, 500 ps were performed at constant pressure to 

increase system density. Finally, four 3s molecular dynamics simulations using different sets of initial 

velocities aimed at providing a better sampling for the same computational effort [36] were performed under 

the canonical ensemble using a Langevin thermostat with a collision frequency of 2 ps-1 for temperature 

control. Long-range electrostatic energy was computed using the Particle Mesh Ewald summation method [37] 

with a cutoff of 10 Å for non-bonded interactions. The SHAKE algorithm [38] was used to constrain bonds 

involving hydrogen atoms to allow the use of a 2 fs integration step.  

For those calculations using a GB model and a bulk dielectric constant after the minimization step, four 

production molecular dynamics simulations 10s longong, each of them using a different set of initial 

velocities, were performed under the same conditions. In this case the cutoff for the non-bonded interactions 

was increased to 12 Å to assure the inclusion of the maximum interatomic distance when the alanine 

dipeptide is in its extended conformation. GB calculations were carried out by means of the neck GB model 

that adds a geometrically based molecular volume correction term accounting for interstitial high dielectrics to 

pairwise GB models [39]. 

Analysis of the results was carried out using one snapshot every other picosecond that yields 500 

snapshots/ns, i.e. 6 106 snapshots for the solvated MD trajectories (a total of 12s length) and 20106 

snapshots for the non-solvated MD trajectories (a total of 40s length).  Radial pair distribution functions 

were obtained using the cpptraj software  [40] with a R=0.1 Å .  

Results and Discussion 

As mentioned in the Methods section, for each of the solvents selected for the present study diverse 

MD simulations were carried out: first, in explicit solvent; second, using a GB method and third, using the bulk 

dielectric constant of the solvent. Below we describe the results obtained with the different approaches to 

discuss later the accuracy of the description of the conformational profile of the alanine dipeptide in the 

diverse solvents studied in the present work.  

Low energy conformations 

Figures 2a-2e show the Ramachandran maps corresponding to the MD simulations carried out in 

explicit solvent and the values of the (ϕ, ψ) angles for each of the low energy minima are listed in Table 1. 

Analysis of the Table indicates that chloroform is the only solvent where the C7
eq  conformation appears as a 

low energy minimum in the Ramachandran map, being also the most populated (Figure 2a). For the rest of 

the solvents with larger dielectric constants, despite the conformation is sampled, it does not appear as a low 

energy minimum, showing a rapid decrease of its population with the increasing dielectric constant (Figures 

2b-2e). The comparative analysis also indicates that the population of the C5 conformation decreases along 
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with the increase of the dielectric constant, although less dramatically than in the case of the C7
eq 

conformation. Actually, the C5 conformation exhibits a population ~35% in chloroform and decreases to ~10% 

for the rest of the solvents. Interestingly, new conformations emerge in the map along with the decreasing 

dielectric constant including the PII, αR and α’. The PII and αR are the most populated conformations for all the 

solvents other than chloroform with populations ~60%, and ~25%, respectively. Interestingly, in NMA the αR 

population is higher than in the rest of the solvents (~35%) with a concomitant small decrease in the PII 

population (~50%), whereas the C5 population remaining at ~10%. 

The Ramachandran maps computed using a GB model are shown pictorially in Figures 3a-3e and the 

values of the (ϕ, ψ) angles for each of the low energy minima are listed in Table 2. In contrast to the results 

described above, the PII conformation is the most populated in all the solvents using this methodology. Its 

population in chloroform is ~43%, whereas in the rest of the solvents is a bit higher (~50%). The second most 

populated conformation in chloroform is the C5 followed by the αR with populations of ~34% and ~22%, 

respectively. In the rest of the solvents these two conformations are interchanged in such a way that the 

population of the C5 conformation decreases to ~20% whereas that of the αR increases to ~27%. Analysis of 

Figures 3a-3e together with the results of Table 2 indicate that the population of the C7
eq conformation also 

decreases along with the increase of the dielectric constant, although it does not appear as a low energy 

minimum in any of the calculations not even in chloroform.  

Simulations carried out using the bulk dielectric constant were conducted to understand the importance 

of screening the electrostatic interactions on the conformational profile of the alanine dipeptide. Figures 4a-4f 

show the Ramachandran maps of the alanine dipeptide computed at: a) ε=1.0 (in vacuo); b) ε=4.8 

(chloroform); c) ε=32.6 (methanol); d) ε=46.7 (DMSO); e) ε=78.5 (water) and f) ε=191.3 (NMA), respectively 

and Table 3 lists the values of the ϕ and ψ angles of the corresponding low energy minima for each of the 

different dielectric constants. Analysis of Figures 4a-4f together with the results of Table 3 suggests that the 

population of the C7
eq conformation also decreases dramatically along with the increase of solvent dielectric 

constant. Actually, a small increase in the dielectric constant to 4.8 -that of chloroform- produces a dramatic 

decrease on the population of this conformation. Despite the conformation is sampled in chloroform (Figure 

4b) and in methanol (Figure 4c), it cannot be identified as a low energy minimum. Also as found above, there 

is a smoother decrease in the population of the C5 conformation. Specifically, the population decreases from 

~50% in chloroform to ~35% for the rest of the solvents. Interestingly, the loss of C7
eq population is associated 

with the emergency of new conformations including the PII, αR and α’, in increasing order of energy. Thus, 

apart from the in vacuo calculation for the rest of calculations the most populated conformations are the PII 

and the C5, with the former being the most favorable in solvents with dielectric constant of methanol and 

higher exhibiting a population ~45%. Finally, other conformations have minimal populations. Specifically, the 

αR conformation exhibits a population of ~10% in all the calculations and the α’ ~5%. 
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A comparative analysis of Tables 1-3 suggests that the diverse methodologies used in the present 

study capture the decreasing population of the C7
eq conformation along with solvent dielectric constant 

increase. This result is expected since the hydrogen bond between the carbonyl oxygen of the acetyl group 

and the hydrogen of the N-methylamide moiety at the C-terminus that characterizes this conformation (see 

Figure 1b) is expected to weaken with the increasing dielectric constant. Moreover, present calculations also 

coincide to point that this conformation is only relevant in vauo (Figure 4a) and in chloroform (Figure 2a). In 

chloroform the C7
eq is the lowest energy minimum with a population of ~46% followed by the C5 with a 

population of ~37% and the PII conformation with much lower population (~10%). None of the other two maps 

computed with a low dielectric constant either using the GB model (Figure 3a) or using the bulk dielectric 

constant (Figure 4b) exhibits the C7
eq as low energy minimum. Specifically, in the calculation using a GB 

model the lowest energy conformation is the PII, whereas in the bulk dielectric calculations the C5 appears as 

the lowest energy minimum.  

Similarly, the calculations reported in the present work indicate a decreasing population of the C5
 

conformation along with solvent dielectric constant increase, although with a slower rate than in the case of 

the C7
eq conformation. Specifically, in explicit solvent calculations the population drops from a ~38% 

population in chloroform to ~10% for the rest of the solvents; using a GB model it decreases from ~34% to 

~20% for the rest of the solvents and using the bulk dielectric from ~50% to ~35% for the rest of the solvents. 

This observed decrease can be explained as the result of weakening the electrostatic interactions between 

the two consecutive peptide bond dipole moments that can be considered an important component of C5 

conformation stability. However, the population of the C5 conformation is much higher in the bulk dielectric 

calculations than in implicit or explicit calculations, suggesting that the screening effect on the electrostatic 

interactions is not the only factor that destabilizes this conformation. 

Finally, in regard to the αR conformation, analysis of Figures 2a-2e and Table 1 suggests an increasing 

population along with solvent dielectric constant in the explicit solvent calculations. Specifically, the 

conformation is not sampled in chloroform, but exhibits ~25% population in methanol, DMSO and water, 

increasing to ~37% in NMA. Similarly, in implicit solvent calculations (Figures 3a-3e and Table 2) the 

population increases smoothly along with the dielectric constant: from a ~22% in chloroform to ~27% in the 

rest of the solvents. In contrast, in the calculations carried out with bulk dielectric constant (Figures 4b-4f and 

Table 3) the population of this conformation remains a ~10% in all the solvents. These results suggest that the 

stabilization of the αR conformation must be due to explicit interactions with the solvent. 

Solvent distribution 

Analysis of the solvent distribution around the dipeptide alanine computed from the simulations carried 

out in explicit solvent provides further insight into the solute-solvent interactions. First is necessary to consider 

that the five solvents used in the present calculations are of diverse nature. Specifically, methanol, water and 

NMA exhibit proton accepting and donor centers. Similarly, chloroform exhibits a proton donor center located 
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in the hydrogen and hydrogen bond accepting centers located on the chlorine atoms. In contrast to the rest of 

the solvents, DMSO exhibits only a proton accepting center. Solvents can interact with the polar groups of the 

alanine dipeptide. Specifically, the proton accepting centers located at the acetyl and the alanine carbonyl 

oxygens and the proton donor centers located at the amide hydrogens of alanine and the N-methylamide.  

Figures 5a-5d show the radial pair distribution function for the interaction between the alanine carbonyl 

oxygen and a proton donor center of the solvent molecule for the PII, αR and C5 conformations. In the case of 

methanol (Figure 5b) and NMA (Figure 5d) the radial pair distributions show the same profile: a first solvation 

shell at ~1.9 Å with differential solvent density that follows the order PII> αR>C5. This effect can be observed 

more dramatically in NMA calculations. Interestingly, the radial pair distribution in water shows a first solvation 

shell with the same characteristics found in methanol and NMA but also exhibits a second peak at ~3.2 Å. 

Finally, in the case of chloroform (Figure 5a) the radial pair distribution shows a peak at a longer distance ~2.3 

Å for the conformations C7
eq, C5, PII andC7

ax, with differential solvent density that follows the order C7
eq ~ C7

eq 

~ PII >C5,. 

Similarly, Figures 6a-6d show the radial pair distribution function for the interaction between the acetyl 

carbonyl oxygen and a proton donor center of the solvent molecule for the PII, αR and C5 conformations. The 

radial pair distributions for methanol (Figure 6b), water (Figure 6c) and NMA (Figure 6d) are similar and 

resemble to those of the alanine carbonyl oxygen discussed above (Figures 5b-5d), although in this case 

peak heights are similar for the three solvents. In contrast, the radial pair distribution function for chloroform 

(Figure 6a) shows remarkable differences in regard that of the alanine carbonyl oxygen discussed above 

(Figure 5a). In this case, the acetyl carbonyl oxygen appears with higher solvent density in the C5 

conformation than in the C7
eq. This differential behavior can be easily explained as due to the role of the acetyl 

carbonyl oxygen involved in a hydrogen bond to stabilize the C7
eq conformation.  

Figures 7a-7e show the radial pair distribution function for the interaction between the alanine amide 

hydrogen and a proton accepting center of the solvent molecule for the PII, αR and C5 conformations. The 

distributions for the diverse solvents show two peaks. In the case of methanol (Figure 7b), DMSO (Figure 7c), 

water (Figure 7d) and NMA (Figure 7e) the first peak is at ~2 Å, whereas the second is at ~5.6 Å. For all the 

conformations the first peak of the C5 conformation is the shortest, whereas the difference between the PII and 

the αR conformations is not significant. Interestingly, the radial pair distributions for the αR conformation in 

DMSO and NMA do not exhibit a second peak. The radial pair distribution of water presents the interesting 

feature of having the second peak higher than the first. This feature can also be observed in the distribution 

computed with chloroform (Figure 7a) where the first peak appears at ~3 Å and the second ~6.3 Å. 

Finally, Figures 8a-8e show the radial pair distribution function for the interaction between the N-

methylamide hydrogen and a proton accepting center of the solvent molecule for the PII, αR and C5 

conformations. The plots (Figures 8b-8e) present two peaks: one at ~2 Å and the second is much wider than 

in the radial pair distributions discussed above, located between 5 and 6 Å. Interestingly, in this case the PII 
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and the C5 conformations show the same peak height, whereas the αR conformation is lower. In the case of 

chloroform (Figure 8a) the distribution for the diverse conformations shows a differential behavior. Thus, in the 

case of the PII conformation the distribution shows a first peak at around 2.8 Å. In the case of the C5 

conformation the distribution shows a shoulder rather than a peak also ~2.8 Å, whereas the rest of the 

conformations present also a shoulder about one angstrom farther. Moreover, all the conformations exhibit a 

second peak between 6-7 Å. 

Taken these results together suggest that the increase of solvent dielectric constant destabilizes the 

C7
eq and C5 conformations due to the weakening of the electrostatic interactions. The C7

eq conformation is 

stabilized by an intramolecular hydrogen bond between the carbonyl oxygen of the acetyl group and the 

amide hydrogen of the N-methylamine moiety that gives origin to the C7 cycle. At the dielectric constant of 

chloroform (4.8) this interaction is much weakened in such a way that the hydrogen bond is hardly stable as 

shown in the bulk dielectric calculation shown in Figure 3b. However, the fact that the conformation is found 

as the lowest energy minimum in the explicit solvent calculations suggests a stabilizing role of the solvent 

molecules. Actually, Figures 6a and 8a show that the alanine dipeptide atoms involved in the intramolecular 

hydrogen bond are surrounded by a lower number of solvent molecules than in other conformations, whereas 

for the alanine carbonyl oxygen (Figure 7a) and the hydrogen amide (Figure 9a) exhibit the same density of 

solvent molecules for all conformations. In other words, solvent molecules form intermolecular interactions 

with all four polar groups of the solute in such a way that they do not disrupt the intramolecular hydrogen 

bond. In regard to the C5 conformation the decrease in population observed along with the increase of solvent 

dielectric constant is smoother than with the C7
eq. This effect can also be explained to be due to a weakening 

of the electrostatic interactions that in this case are the weaker dipole-dipole interactions between the two 

peptide bond dipole moments. Inspection of Figures 4b-4f suggests that the effect is not as dramatic as in the 

case of the C7
eq conformation. Moreover, the decreasing stability of this conformation cannot be compensated 

by intermolecular interactions with the solvent as deduced from the inspection of Figures 5-8 that show that in 

many cases solute polar groups are less surrounded of solvent molecules than in other conformations. This 

must be due to the geometry of this conformation that does not allow solvent molecules to reside within the 

space formed by the C5 cycle. In contrast, the PII conformation can be considered as a distorted C5 

conformation where solvent molecules can adequately surround solute solvent groups. These results agree 

with previous Ab initio studies of the alanine dipeptide surrounded with a few water molecules [41]. This can 

explain that once the intramolecular electrostatic interactions are not as important due to the decreasing 

dielectric constant, the importance of forming intermolecular interactions with the solvent gets its importance 

and consequently, the PII conformation gains population. Finally, it needs to be considered that the alanine 

dipeptide is not long enough to form a typical α-helical hydrogen bond that stabilizes the structure. 

Accordingly, the stability of this conformation in the alanine dipeptide can be considered to be due to solvent 

effects exclusively since the increase of the dielectric constant does not alter the population of this 



10 
 

conformation as it can be seen in Table 3. Indeed, molecular simulations carried out on Gly-Ala-Gly  in water 

show an increase population of the αR conformation in comparison to alanine dipeptide calculations [42, 43]. 

Comparison with experimental results 

There is not much experimental information available on the conformational profile of the alanine 

dipeptide in chloroform. Actually, in a pioneering study involving CD and NMR spectroscopies together with 

computational studies, it was concluded that in non-polar solvents the molecule adopts similar conformations 

as in vacuo [27]. Comparison of Figures 2a, 3a and 4b with Figure 4a clearly indicates that the experimental 

result is only reproduced in the explicit solvent calculations. Thus, in the map computed with a GB method 

despite the αR basin appears distorted towards the C7
eq conformation it does not appear as an energy 

minimum. In contrast, the PII and the C5 appear as low energy minima with similar populations: ~43% and 

~34%, respectively. Similar results are obtained in an ab initio study at the Hartree-Fock and DFT levels using 

extended basis sets and with solvent effects evaluated using an implementation of the COSMO reaction field. 

In that study the authors concluded that the C5 is the most stable conformation in chloroform [28]. Finally, the 

calculations performed using the bulk dielectric of chloroform show that a small increase in the dielectric 

constant to 4.8 produces a dramatic decrease of the C7
eq conformation population. This suggests that the 

stability of this conformation must be related to specific features related to the solvation process.  

In regard to methanol the three methods point to the PII conformation as being the lowest energy 

conformation with populations ~50% or higher (Figures 2b, 3b and 4c). In this case, explicit solvent and the 

generalized Born model calculations agree identifying the αR as the second most populated conformation 

(~26%), being the C5 the third most populated, although with differential populations: in explicit solvent is 

~10% and using the generalized Born method is ~21%. Moreover, the α’ conformation is also identified in 

explicit solvent calculations with a small population of ~3%. In contrast, calculations carried out using the bulk 

dielectric (Figure 4c) show an energy rank order with the C5 and the αR inverted, with populations ~38% and 

~10%, respectively. Unfortunately, there are not experimental studies available in this solvent.  

In regard to DMSO, explicit solvent and the generalized Born method provides the same results 

(Figures 3c and 4c, respectively). Specifically, the PII conformation is the most populated (~50%), followed by 

the αR with a population ~25%. The third most populated conformation in both calculations is the C5, although 

there are differences in the population. In explicit solvent the population is ~13%, clearly smaller than αR, 

whereas the generalized Born calculation gives ~21%, similar to that of the αR conformation. Moreover, the 

explicit solvent calculation identifies the α’ conformation as attainable with ~9% population. Alternatively, the 

Ramachandran map of the calculation performed using a relative dielectric constant of 46.7 is shown in Figure 

4c. As described before it shows the PII conformation as the lowest energy minimum but in contrast to the 

previous calculations, the energy rank order of conformations C5 and αR is inverted with populations of ~38 

and ~10%, respectively. Moreover, when the populations of the PII, αR and C5 conformations found in water 

and DMSO are compared (Tables 1), it can be inferred a discrete decrease in the population of the PII 
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conformation with an accompanying increase in the population of the C5 conformation in DMSO compared to 

water. In contrast the population of the αR conformation is similar. Inspection of Tables 1 and 3 suggests that 

the effect is due to the difference of dielectric constant. However, solvation may also play a role. In fact, it 

should be bared in mind that the DMSO molecule does not have any proton donor and consequently, can only 

form intermolecular hydrogen bonds with the amide hydrogens of the solute molecule. Accordingly, it does not 

pay off to distort the C5 conformation into the PII to allow better contact with solvent molecules. This trend is 

captured in IR and Raman spectroscopy studies, although experimental results suggest a much more 

dramatic effect than reflected in the calculations [22]. 

In water, calculations using explicit solvent and the generalized Born model qualitatively show the 

same results (Figures 3d and 4d, respectively). Specifically, the PII appears as the most populated 

conformation followed by the αR and C5, though the expected populations differ in the two calculations. Thus, 

whereas in explicit solvent the populations are: ~60%; ~27%; ~10%, respectively, in the generalized Born 

model are ~53%; ~27%; ~20%, showing clear difference in the relative population of PII/C5 conformations. 

These results agree well with the results of QM/MM calculations that include correlation at the MP2 level [17]. 

Alternatively, Figure 4e shows the Ramachandran map of the alanine dipeptide computed using a relative 

dielectric constant of 78.5. As can be seen the map shows the PII conformation as the lowest energy 

minimum with a population ~46%, but in contrast to previous calculations the C5 has a higher population 

(~38%) than the αR conformation (~10%). Interestingly, experimental findings coincide well with these results. 

Specifically, IR and Raman spectroscopy [22, 23], as well as CD and NMR spectroscopy [24, 25] suggest that 

the molecule preferably adopts a PII conformation followed by the C5 and αR conformations, in increasing 

order of energy.  

In the case of NMA both explicit solvent calculations and calculations using the generalized Born 

model qualitatively show the same results (Figures 3e and 4e, respectively): the PII appears as the most 

populated conformation followed by the αR and C5. Despite the energy rank order of the conformation is the 

same the populations are different. Whereas the population of the PII conformation is about 50% in both 

calculations, in the explicit solvent calculations the αR/C5 ratio is nearly 4:1 and in the generalized Born 

calculations is approximately 1.5:1. Alternatively, Figure 2f shows the Ramachandran map of the alanine 

dipeptide computed using a relative dielectric constant of 191.3. As found in water, the PII conformation is 

identified as the lowest energy minimum followed by the C5 and at higher energies the αR with populations 

~46%, ~38% and ~10% respectively. Comparison of these results with those computed in water indicates that 

the relative population of the αR conformation is the same, whereas the population of the PII decreases and 

the C5 increases. 

Conclusions 

In the present work we have carried out MD studies of the alanine dipeptide in solvents of different 

dielectric constant namely, chloroform, methanol, DMSO, water and NMA and analyze the populations of the 
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diverse conformations sampled. We have also carried out MD calculations of the dialanine dipeptide using a 

generalized Born method with each of the dielectric constants to understand the differences with explicit 

solvent calculations. Finally, we have also carried out MD calculations of the dialanine dipeptide using the bulk 

dielectric constant of the solvent to understand the effect of screening the electrostatic interactions on the 

populations of the molecule. 

The most populated conformation in chloroform is the C7
eq as also found in in vacuo calculations. In the 

rest of the solvents, the population of this conformation decreases along with the increasing dielectric constant 

as a consequence of the weakening of the hydrogen bond between the acetylcarbonyl oxygen and the N-

methylamide hydrogen. Similarly, the population of the C5 conformation that is the second most populated in 

chloroform, also decreases along with the increasing dielectric constant although much more smoothly than in 

the previous case. This effect may also be due to the weakening of the electrostatic interactions, although in 

DMSO the conformation exhibits higher population than expected due to solvation effects. Actually, present 

calculations in explicit solvent show a discrete increase, although it has been claimed that this increase should 

be more dramatic as deduced from the results of spectroscopic studies [22]. The other two important 

conformations sampled in the diverse solvents are the PII and the αR. The former can be considered as a 

distortion of the C5 conformation being the result of a balance between preserving the dipole-dipole 

intramolecular interaction between the two consecutive peptide bonds and increase the solvation effects by 

allowing solvent molecules to produce better intermolecular interactions with the solute molecule. This 

conformation is barely sampled in chloroform with a population of ~10%. In regard to the αR conformation it 

needs to be considered that the alanine dipeptide is not long enough to form a typical α-helical hydrogen bond 

that stabilizes the structure. Accordingly, the stability of this conformation can be considered to be due to 

solvent effects exclusively. 
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Captions to the Figures 

Figure 1.- a)Partition of the Ramanchandran map in 120ºx120º regions corresponding to the different catchment 

regions of the alanine dipeptide potential of mean force including the labeling of the different conformations used 

in the present work. b-e) pictorial representation of the most populated conformations: b)C7
eq; c)C5; d)PII and e) 

αR. 
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Figure 2.- Potential of mean force (in kcal/mole) of the alanine dipeptide in explicit solvent calculations. a) 

chloroform; b) methanol; c) DMSO; d) water; e) NMA. 
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Figure 3.- Potential of mean force (in kcal/mole) of the alanine dipeptide using a Generalized Born method. a) 

chloroform; b) methanol; c) DMSO; d) water; e) NMA. 
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Figure 4.- Potential of mean force (in kcal/mole) of the alanine dipeptide using a bulk dielectric constant. a) ε=1 

(vacuum); b) ε=4.8 (chloroform); c) ε=32.6 (methanol); d) ε=46.7 (DMSO); e) ε=78.5 (water) and f) ε=191.3 

(NMA). 
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Figure 5.-  Radial pair distribution function for the interaction between the alanine carbonyl oxygen and a proton 

donor center of the solvent molecule for the PII, αR and C5 conformations. a) chloroform; b) methanol; c) water; 

d) NMA 
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Figure 6.- Radial pair distribution function for the interaction between the acetyl carbonyl oxygen and a proton 

donor center of the solvent molecule for the PII, αR and C5 conformations. a) chloroform; b) methanol; c) water; 

d) NMA. 
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Figure 7.- Radial pair distribution function for the interaction between the alanine amide hydrogen and a proton 

accepting center of the solvent molecule for the PII, αR and C5 conformations. a) chloroform; b) methanol; c) 

DMSO; d) water; e) NMA. 
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Figure 8.- Radial pair distribution function for the interaction between the N-methylamide hydrogen and a proton 

accepting center of the solvent molecule for the PII, αR and C5 conformations. a) chloroform; b) methanol; c) 

DMSO; d) water; e) NMA. 
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Table 1.- Conformational analysis of the alanine dipeptide deduced form MD calculations in explicit solvent. In the 

energy column numbers in parenthesis are the Boltzmann-weighted populations in percentage. 

 

 

  

CHCl3 explicit Methanol explicit DMSO explicit Water explicit NMA explicit 

 

 ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

C7
eq -80 50 0.00(46)             

C5 -155 155 0.11(38) -150 155 1.15(9) -150 155 0.89(13) -150 155 0.97(11) -150 155 0.95(10) 

PII -75 140 0.89(10) -75 150 0.00(61) -70 150 0.00(58) -70 150 0.00(59) -70 150 0.00(49) 

αR    -75 -20 0.52(25) -75 -20 0.52(24) -75 -20 0.53(24) -75 -20 0.18(36) 

C7
axial 60 -40 1.29(5)             

α’ -150 -50 4.82 -145 -5 1.74(3) -145 -5 1.74(3) -140 5 1.96(2) -145 -15 1.35(5) 

αD 55 -145 4.86 60 165 4.01 60 165 4.01    55 170 4.65 

β2                

αL    55 20 2.07 (2) 55 20 2.07(2) 55 25 1.71(3) 55 20 2.48 
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Table 2.- Conformational analysis of the alanine dipeptide deduced form MD calculations using a generalized 

Born method. In the energy column numbers in parenthesis are the Boltzmann-weighted populations in 

percentage. 

 

. 

 

CHCl3 implicit Methanol implicit DMSO implicit Water implicit NMA implicit 

 

 ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

ϕ ψ Energy/ 

kcal mol-1 

C7
eq    -80 80 2.47 -80 80 2.47       

C5 -150 155 0.14(34) -150 155 0.54(21) -150 155 0.56(21) -150 155 0.58(20) -150 155 0.60(20) 

PII -75 150 0.00(43) -70 150 0.00(52) -75 150 0.00(52) -70 150 0.00(53) -75 150 0.00(53) 

αR -75 -15 0.41(22) -75 -20 0.40(27) -75 -20 0.41(26) -75 -20 0.41(27) -75 -20 0.41(27) 

C7
axial    50 -100 5.19 60 -80 4.91 50 -115 4.79 50 -115 4.79 

α’ -150 -90 5.00 175 -25 5.71 175 -35 5.72 -140 -105 5.34 -140 -105 5.34 

αD 55 -170 3.58 55 -175 3.45 60 -170 3.32 60 175 3.23 60 175 3.23 

β2 -135 10 2.02 -135 5 1.94    -135 5 1.92 -135 5 1.92 

αL 55 20 2.02 55 25 2.22 55 25 2.07 55 25 2.03 55 25 2.03 
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Table 3.- Conformational analysis of the alanine dipeptide deduced form MD calculations using a bulk dielectric 

constant. In the energy column numbers in parenthesis are the Boltzmann-weighted populations in percentage. 

 

 

Vacuo ε=1.0 CHCl3 ε=4.8 Methanol ε=32.6 DMSO ε=46.7 Water ε=78.5 NMA ε=191.3 

 

 ϕ ψ Energy/ 

kcal 

mol-1 

ϕ ψ Energy/ 

kcal 

mol-1 

ϕ ψ Energy/ 

kcal 

mol-1 

ϕ ψ Energy/ 

kcal 

mol-1 

ϕ ψ Energy/ 

kcal 

mol-1 

ϕ ψ Energy/ 

kcal 

mol-1 

C7
eq -80 55 0.00 

(69) 

               

C5 -

15

5 

15

5 

0.55 

(28) 

-

15

5 

15

0 

0.00 

(50) 

-

15

5 

15

0 

0.12 

(38) 

-

15

5 

15

0 

0.13 

(37) 

-

15

5 

15

0 

0.15 

(36) 

-

15

5 

150 0.17 

(35) 

PII    -75 14

5 

0.16 

(38) 

-75 15

0 

0.00 

(46) 

-

75 

15

0 

0.00 

(46) 

-

75 

15

0 

0.00 

(47) 

-

75 

150 0.00 

(47) 

αR    -75 -15 1.05 (9) -75 -20 0.93 

(10) 

-

75 

-

20 

0.93 

(10) 

-

75 

-

20 

0.94 

(10) 

-

75 

-20 0.93 

(10) 

C7
ax

ial 

60 -45 1.89 (3) 60 -85 4.62  50 -

12

0 

4.70 50 -

10

0 

5.05 55 -

11

0 

4.83 50 -

120 

4.73 

α’    -

15

0 

-5 1.87 (2) -

15

5 

-10 1.15 (7) -

15

5 

-

10 

1.12 (7) -

15

5 

-

10 

1.08 (8) -

15

5 

-10 1.06 (8) 

αD    60 16

5 

3.41 60 16

0 

2.46 60 16

0 

2.38 50 -

12

5 

4.49 60 165 2.37 

β2       17

5 

35 5.29 17

5 

25 4.87 17

5 

50 5.64 17

5 

50 5.18 

αL    55 15 2.28 55 25 1.99 55 25 1.96 55 25 1.92 55 25 2.00 


