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Chapter 3 

Structural Study of Glutamic Acid in Solution 

3.1 Introduction 

MD simulation can provide important information on the behaviour of a system of 

molecules. MD involves the study of a molecule’s interactions with its surroundings. 

For example, a molecule studied in an aqueous environment will give information on 

the nature of the interactions between the solute molecule and the surrounding water 

molecules, and the effect of the solvent on the solute and vice versa. It is therefore 

important to study the behaviour of glutamic acid in the solvent used for its 

crystallisation, i.e. water, especially as the solvent is not present in the crystal. 

Generally, crystallisation of glutamic acid occurs in the laboratory using a 

supersaturated solution in which a crystal seed is implanted to generate nucleation 

(Davey et al., 1997).  

Initially it was decided to simulate a single molecule of glutamic acid in vacuum, in 

dielectric and in explicit water. Such simulations will provide information on the 

structure and interactions of the system and also how the environment of a glutamic acid 

molecule influences the behaviour of the molecule. More specifically, the geometry of 

the glutamic acid molecule will be monitored along with the external parameter that 

influences it, like temperature and concentration. Since the conformation of the 

glutamic acid molecules is different between polymorphs, as well as the molecules 

being arranged in a different configuration, the geometry of a single molecule of 

glutamic acid in solution might tend toward a preferred conformation. In order to 

investigate the effect of the solvent on the solute conformation, a single glutamic acid 

molecule was simulated in vacuum, in a dielectric environment, and in an explicit water 

model. These simulation runs are fast and inexpensive, and can be a good tool to 

measure the effect of different environments.  

The glutamic acid molecule has three protonation sites (two carboxylic acid group and 

one amine group), so it can exist in four different isoelectric forms depending on the pH 

of the solution.  The zwitterion (Figure 3.1a) has one carboxylic group deprotonated and 

the amine group protonated. The -1 form has both carboxylic groups deprotonated 

(Figure 3.1b) and the -2 form has all three functional groups deprotonated (Figure 3.1c). 
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The +1 form, in (Figure 3.1d) has all functional groups protonated. Studying these 

different charged forms will provide information on the effect of pH on the 

conformation of glutamic acid. Another effect that may influence the conformation of 

glutamic acid is the concentration of the solution. Simulations were also set up to 

represent a supersaturated solution of glutamic acid in order to study the change in 

conformation of the solute molecules compared to infinite dilution. Three different 

supersaturated concentrations were investigated in order to observe the effect of 

concentration on the glutamic acid geometry, i.e. the driving force for crystallisation, 

which therefore included the interactions between glutamic acid molecules as well as 

the interactions between glutamic acid and water. 
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Figure 3.1: Molecular structure and atom types of L-Glutamic acid: a) zwitterion, b)-1 

form, c) -2 form and d) +1 form  

3.2 Methodology  

All simulations were run for 1ns, including 100ps for equilibration. The structural 

analysis was carried out by calculating the three torsion angles described in section 

1.2.2 following the methodology described in section 2.5.2. This was performed on 

structures saved every 200 steps (0.2ps) for the post equilibration period. The resulting 

geometries, having torsion angles varying between -180° and 180°, were then built into 

a histogram with a bin width of 10°, and normalised over 1 (100%). The bars have been 

smoothed for clarity by considering a point located at the top of each bar and using a 

smoothed curve fitting through these points. The dihedrals were compared to the 

dihedrals found in the crystals by counting the number of torsions angle that were close 

to the angle found in the crystal with a 10% margin.  
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3.2.1 Zwitterion 

In vacuo, a single molecule of glutamic acid in its zwitterion state was simulated using 

coulombic interactions to represent the electrostatic energy. The same molecule was 

simulated in a dielectric continuum. The value for the continuum was chosen to be 80, 

which is the experimental value of the dielectric constant of water at ambient 

temperature (Forsythe, 1954;2003). To model glutamic acid in explicit water, a periodic 

cubic box of edges 24.8 Å was created. 512 SPC/E water molecules were located on an 

evenly spaced grid of spacing 3.1 Å, dividing the simulation box by 8 in each 

dimension. The resulting density matches the density of pure water under ambient 

conditions. This water box was then equilibrated at 260K and 300K in the NVT 

ensemble. A single glutamic acid molecule was placed in the centre of the equilibrated 

water boxes and the water molecules located within a radius of 1.8 Å were removed to 

avoid close contact and overlapping atoms, leaving 504 water molecules in both cases. 

Such a system is equivalent to an infinite dilution as the cut-off chosen of 10 Å does not 

allow the solute molecules to interact with its periodic images. The starting 

conformation of the glutamic acid molecule was taken as random, not being close to the 

conformation found in either crystal polymorphs. 

3.2.2 Isoelectric Forms 

In order to investigate the effect constant pH might have on the glutamic acid 

conformation, simulations were carried out with each of the isoelectric forms of 

glutamic acid. The solute molecules were each placed in a water box as described in 

section 3.2.1 and the overlapping water molecules removed. In order to maintain 

electroneutrality, ions were added to the simulation box: one Na+ ion was added with 

the -1 form, two Na+ ions were added with the -2 form, and a Cl- ion was added to the 

simulation box containing the +1 form. The charges of the different isoelectric forms 

were obtained from a modification of those for the zwitterionic form by analogy of 

atoms types: the charges from the COOH group in the zwitterion were applied to the 

second COOH group of the +1 form, the charges from the COO- group in the zwitterion 

were applied to the both COO- groups in the -1 and -2 forms. The charges for the NH2 

group were taken from Jorgensen and Tirado-Rives (1988). The remaining charges are 

carried by hydrogen atoms to obtain the desired global charge. All these charges are 

presented in Table 3.1. 
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atom q zwitterion 
(e) 

q  -1 form 
(e) 

q  -2 form 
(e) 

q  +1 form 
(e) 

     
N3 -0.300 -0.300 -0.900 -0.300 
C1  0.700  0.700  0.700  0.465 
C2  0.465  0.700  0.700  0.465 
C3  0.310  0.310  0.060  0.310 
C4 -0.879 -0.930 -0.870 -0.828 
C5 -0.879 -0.930 -0.870 -0.828 
O1 -0.553 -0.800 -0.800 -0.553 
O2 -0.800 -0.800 -0.800 -0.553 
OH -0.573    -     - -0.573 
HO  0.459    -    -  0.459 
H1  0.33  0.330  0.360  0.33 
H2  0.33  0.330  0.330  0.33 
H3  0.33  0.330     -  0.33 
HC  0.465  0.415  0.415  0.515 
HP  0.0  0.0  0.0  0.0 

Table 3.1: charges for the isoelectric forms of glutamic acid. ‘-’ indicates that this atom 

type does not exist in a particular isoelectric form. 

3.2.3 Supersaturated solutions 

The system was set up with a periodic cubic water box of 35.52 Å containing 1500 

water molecules, so that the density of the simulation box is the same as the density of 

water at ambient conditions. The water molecules are located on a grid evenly spaced at 

2.96 Å, providing 12 positions in the three dimensions, and the box was filled with 

water molecule located on the grid until the 1500 molecules were reached. The resulting 

water box was equilibrated until the energy of the system converged. A single glutamic 

acid molecule was duplicated in the x, y and z directions until the required number was 

reached. Care was taken to ensure that the orientation of the molecules was such that 

they would not be too close to each other and to allow space for water molecules 

between them. 

The saturation solubility at ambient temperature of each polymorph was experimentally 

determined by Ono et al. (2004) at 9.29g/L and 7.11g/L for α and β, respectively, and 

translates to 1.7 and 1.3 glutamic acid molecules in 1500 water molecules for α and β, 

respectively. Systems with 5 and 10 glutamic acid molecules in such a water box were 

therefore assumed to be supersaturated. Such systems represent concentrations of 27.2 

and 54.4g/L for 5 and 10 solute molecules in 1500 water, respectively. In addition to the 

system containing  5 and 10 glutamic acid,  a system with 42 solute molecules was used 

to represent a highly supersaturated solution. For each system, the solute molecules 
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were placed in the equilibrated water box and the water molecules located at a radius of 

1.8 Å were removed to avoid close contact and overlapping atoms, leaving 1459, 1421 

and 1217 water molecules, respectively. A similar system was built with the -1 form of 

glutamic acid, by adding 42 glutamic acids in the -1 form to the 1500 water box 

described above, along with 42 sodium atoms (Na+) to keep electroneutrality. After the 

removal of the overlapping solvent molecules, 1220 water molecules remained in this 

simulation box. The starting conformation of the glutamic acid molecule is taken as 

random, not being close to the conformation found in the crystals. 

3.3 Results 

The results are presented via the torsion angle distribution described in section 2.5.2: the 

three torsion angles were calculated for each saved configuration. While these three 

torsion angles presented separately are informative, combinations of these three torsion 

angles describe the overall shape. 

3.3.1 Single Zwitterion in Different Media 

The torsion angle distributions of the glutamic acid zwitterion in vacuum, dielectric and 

SPC/E water at 300 K are shown in Figure 3.2, where the values of the same torsion 

angles found in the α and β crystals are provided for comparison. Note that the 

zwitterion is not stable in vacuum and will revert its locally charged groups (COO- and 

NH3
+) to neutral COOH and NH2 (Paxton and Harper, 2004; Degtyarenko et al., 2007), 

or in the case of molecular dynamics where the bonds are not allowed to break, the two 

charged groups of the zwitterion will try to form a hydrogen bond (Alper et al., 1991). 
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Figure 3.2: torsion angle distributions for a) T1, b) T2 and c) T3 for a single zwitterion 

molecule in vacuum (dash line), in dielectric (short dash line) and in SPC/E water (solid 

line), where the circles represent the corresponding torsion angles found in the α 

polymorph and the squares represent that in the β polymorph. 

T1 T2 T3 Vacuum Dielectric Water 

α − − 0 32.7 0 
β − − 33.1 29.2 84.7 
− α − 0 35.9 1.8 
− β − 99.8 26.1 86.3 
− − α 90.2 10.2 0.7 
− − β 0 28.5 0.3 
α α − 0 31.8 0 
β β − 33.0 24.8 75.2 
α − α 0 5.9 0 
β − β 0 8.2 0.2 
− α α 0 6.2 0 
− β β 0 7.3 0 
β α − 0 0 0.3 
α β − 0 0 0 
α α α 0 5.7 0 
β β β 0 7.0 0 

Table 3.2: T1, T2 and T3 combinations and their frequencies for a single glutamic acid 

zwitterion in different media 
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It is clear from Figure 3.2 that the torsion angle distributions are substantially different 

depending on the environment of the glutamic acid molecule, although several of the 

maxima do coincide. Treating the torsion angles separately, a single molecule in 

vacuum exhibits, on average, T1 and T2 torsion angles similar to the β crystal and 

similar to the α  crystal for T3, with values of -75°, -172° and +73° for T1, T2 and T3, 

respectively. Table 3.2 confirms this with 33.1% and 99.8% of the dihedrals having 

values close to that of the β crystal for T1 and T2, respectively, and 90.2% of dihedral 

are close to that of the α crystal for T3. So the proportion of configurations that have a 

β-β-α conformation is 30%. None of the saved conformations have a geometry that is 

wholly α-α-α or β-β-β. 

However, in a dielectric continuum the molecule displays a much different distribution 

of conformations (Figure 3.2) with a number of preferred angles for each torsion angle. 

The maximum frequency of any torsion angle is lowered to less than 20% of the total 

number of configurations sampled, compared to 60% in vacuum. The same peaks for T1 

and T2 appear as in the vacuum environment, but additional peaks also appear for T1 

and T2 close to that for the α crystal and for T3 close to the β crystal. The peaks are 

located at -65° and  -167° for T1, 66° and 175° for T2 and +180°, -180° and -62° for T3. 

Table 3.2 shows that the molecules are indeed sometimes similar to that of the α and β 

crystals for 5.7% and 7% of the time, respectively. The differences between the results 

for the vacuum and dielectric continuum are due to a dampening of the coulombic 

forces between atoms in the glutamic acid molecule, which allows a wider range of 

conformations to be accessed. The dielectric constant for SPC/E water is slightly 

different from the experimental value at 70.7 (Rami Reddy and Berkowitz, 1989). 

Simulation of a single glutamic acid using this dielectric constant was also performed, 

and since the conformation distribution was essentially the same as with a dielectric of 

80, the results are not presented here.   

For the simulations performed with SPC/E water, the most common conformation for 

glutamic acid is -64° for T1, -160° for T2 and -167° and +165° for T3, which 

correspond to β−β-any, which occurs in 75.2% of conformations (Table 3.2). An 

illustration of the most common conformation is presented in Figure 3.3. The torsion 

angle distribution is narrower than for the simulation run with the dielectric field. The 

distribution of conformations is close to that found for the vacuum case (Figure 3.2) for 
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T1 and T2. One can note the small amount of conformations that are β-like for T1 and 

α-like for T2 (0.3%), which was not observed in the previous cases. This is due to the 

excluded volume of the water molecules as they form a solvation cage around the 

glutamic acid molecule. The presence of these water molecules has a steric influence, 

and the fact that the water molecules interact with themselves, as well as with the 

glutamic acid, by hydrogen bonding places significant restrictions on the 

conformational flexibility of the glutamic acid. Proton NMR spectra show that the trans 

arrangement is the preferred conformation for glutaric acid (Gerken et al., 2008). 

Glutaric is very similar to glutamic acid - the amine group is replaced by a hydrogen 

atom in the case of glutaric acid and both carboxylic groups are equivalent. The 

corresponding torsion angles in glutamic acid are T2 and T3, for which the most 

common angles were 180°, which is consistent to that observed in the glutamic acid 

case. 

 

Figure 3.3: the most common conformation of a single glutamic acid in water 

Table 3.3 presents the energies of a fixed single α and β molecules compared to the 

energy of the simulations that present the torsion angle distribution in Figure 3.2. Single 

point energy calculations were performed using a molecule from the α and β crystals in 

vacuum and in dielectric by performing a single step MD simulation. The energy for the 

α molecule in vacuum is lower than for a β molecule, but the energy difference is 

relatively small. The averaged energy of a single glutamic acid molecule over a 1ns 

simulation is much lower than for α or β, so the β-β-α conformation seems to be more 

stable in vacuum than an α or β conformation. In a dielectric environment, the molecule 
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taken from the α crystal also has a lower energy than for a molecule from the β crystal. 

The dielectric environment is the only case where α conformations were observed for 

all three torsion angles, which could be explained by the favourable energy of that 

polymorph. However, the average energy for the zwitterion over the whole simulation is 

lower than for both polymorphs. The energy for a single α and β molecule in SPC/E 

water was calculated by averaging the energies over the simulation time of a molecule 

taken from the crystal and kept frozen. The results show that the β conformation leads 

to a lower energy of the whole system, which corroborates the fact that more β-like 

conformations are observed for a single (unfrozen) glutamic acid in solution. The 

energy of a molecule allowed to move is close to the energy of the α conformation. 

Even though the conformation of a single glutamic acid molecule in water is closer to 

the conformation found in the β crystals, the energy of the system is closer to the energy 

of a molecule from an α crystal in water. This, of course, assumes that the water-water 

interactions and the glutamic acid-water interactions are the same in the simulations for 

both polymorphs. 

 vacuum dielectric water 

α -181.8 43.3 -6043.1 

β -158.6 118.9 -6165.5 

Zwitterion -332.13 15.732 -6020.4 

Table 3.3: energies for a single molecule in different media in kcal/mol 

Previous MD simulations were performed in vacuum and in explicit water on a single 

molecule of glucose (Brady and Schmidt, 1993) and sucrose (Engelsen et al., 1995); the 

structure was analysed via angles and dihedrals, and the results show that although the 

ring structure is not radically affected by solvation, there are significant structural 

changes for the exocyclic groups. The presence of solvent around the solute molecule 

changes the molecular potential and reduces the oscillation frequency of sucrose 

(Engelsen et al., 1995). It is interesting to note however that the conformation favoured 

in vacuum is found throughout the simulation in explicit water (Brady and Schmidt, 

1993). Simulations performed in vacuum and in a dielectric environment are available 

for tryptophan (Gordon et al., 1992), a compound that contains an alanine molecule 

attached to two rings. By monitoring two torsion angles on the amino acid part of the 

tryptophan molecule, they found that the presence of the solvent dampens the rotations 
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of the dihedrals. This result is in agreement with the findings of the study in this thesis, 

the tryptophan molecule being similar – at least in some part – to glutamic acid.  

In order to examine the effect of temperature on the conformational flexibility of 

glutamic acid in these environments, simulations were also performed at 260K, and at 

235K. Because the conformation distribution did not show much differences after a 1ns 

run, the simulation was left to run for a further 2ns. The resulting torsion angle 

distributions (Figure 3.4) are averaged over 3ns of simulation and they show that as the 

temperature decreases, the conformations become less scattered, resulting in a higher 

maximum frequency than for the simulation run at 300K. The comparison of the torsion 

angle with that of the crystal is presented in Table 3.4, where it is clear that the 

simulation performed at 260K presents more α- and β-like conformations than the 

simulation performed at 300K. At 235K, the glutamic acid molecule becomes more 

rigid and only takes up β-like conformations for T1 and T2. A decrease in temperature 

induces a decrease in kinetic energy, so molecules at a lower temperature display a 

lower molecular motion. The 235K temperature is closer to the freezing temperature of 

the water model (215K) compared to the previous 260K, so the water molecules have 

less mobility at this temperature and form a more rigid cage around the glutamic acid 

molecule, preventing it from taking any other conformation than the one displayed in 

Figure 3.4 and  Table 3.4. 
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Figure 3.4: torsion angle for a)T1, b)T2 and c)T3 for a single zwitterion molecule in 

SPC/E water at 235K (dotted line), 260K (dashed line) and 300K (plain line)  

T1 T2 T3 235K 260K 300K 

α − − 0 1.3 0.6 
β − − 91.3 75.3 70.8 
− α − 0 1.4 2.4 
− β − 92.4 81.4 73.4 
− − α 0 0.8 1.7 
− − β 0 1.4 1.3 
α α − 0 0.2 0 
β β − 83.7 68.2 61.6 
α − α 0 0 0 
β − β 0 0.7 0.3 
− α α 0 0 0 
− β β 0 0.4 0.1 
β α − 0 0.3 0.6 
α β − 0 0.9 0.3 
α α α 0 0 0 
β β β 0 0.4 0.1 

Table 3.4: T1, T2 and T3 combinations and their frequencies for a single glutamic acid 

in water at 235K, 260K and 300K   
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3.3.2 Isoelectric Forms 

MD simulations were performed on the different isoelectric forms of glutamic acid at 

300K in an infinite dilution system as described previously. These isoelectric forms are 

predominant at pH 1, 3, 7, and 13 for the +1, zwitterion (neutral), -1 and -2 form, 

respectively (see Figure 1.9). Although these charged forms are present at a particular 

pH, the simulation box is not big enough to include the necessary number of H3O
+ or 

OH- ions, so the glutamic acid molecules were simulated in pure water, with an 

equivalent pH of 7.  This corresponds to a concentration of 10-7 molecules/L for H3O
+ 

and OH-, and is equivalent to 10-6 molecules per 512 water molecules.  
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Figure 3.5: torsion angle distributions for a) T1, b) T2 and c) T3 for a single glutamic 

acid molecule for the different isoelectric forms in SPC/E water at 300K. The circles 

represent the corresponding torsion angles found in the α polymorph and the squares 

represent that in the β polymorph. 
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T1 T2 T3 zwitterion -1 -2 +1 

α − − 0.6 0 1.1 3.7 
β − − 70.8 92.4 86.0 77.0 
− α − 2.4 0 4.8 2.2 
− β − 73.4 87.6 6.0 64.1 
− − α 1.7 0 1.3 3.1 
− − β 1.3 0 1.8 0.7 
α α − 0 0 0 0 
β β − 61.6 80 5.4 55.1 
α − α 0 0 0 0 
β − β 0.3 0 0.5 0.3 
− α α 0 0 0 0 
− β β 0.1 0 0.2 0.1 
β α − 0.6 0 1.8 1.5 
α β − 0.3 0 0.2 2.6 
α α α 0 0 0 0 
β β β 0.1 0 0.1 0.1 

Table 3.5: T1, T2 and T3 combinations and their frequencies for different isoelectric 

forms of glutamic acid  

The torsion angle distributions for the four isoelectric forms of glutamic acid in SPC/E 

water are shown in Figure 3.5 and all forms show conformational characteristics of the 

β polymorph. The -1 form differs from the zwitterion by losing a proton on the 

carboxylic group on C2, which is included in the calculation of torsion angle T3. The 

distribution of T3 for the -1 form is expectedly different from the zwitterion, by a small 

shift and a higher intensity for the -170° peak and a lower intensity for the 170° peak. 

This indicates that the glutamic acid molecule loses some of the free rotation around C4, 

making the C5 atom located more on one side of the molecule than the other. The other 

torsion angles (T1 and T2) remain very close to those in the zwitterion. Table 3.5 shows 

that there is no dihedral close to that of the crystals for the -1 form. A conformation that 

is β-like for T1 and T2 occurs 80% of the time, which implies that the -1 form favours 

the formation of β-like systems. The conformation of the -1 form is very similar to that 

of the glutamic acid molecules in the monosodium glutamate (MSG) pentahydrate 

crystal for T1, T2 and T3. There are two possible conformations in the MSG 

pentahydrate crystal: the values for T1, T2 and T3 of -63.4°, 178.1° and 176.7° 

respectively for the first conformation and -65.8°, 173.2° and -174.9° respectively for 

the other one (Rao and Mallikarjunan, 1975; Fletcher et al., 1996).  
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The -2 form is different to the zwitterion by two hydrogen atoms (one being removed 

from each of the amine group and the C2 carboxylic group) and this does affect the two 

dihedrals concerned, namely T1 and T3. The T1 distribution for the -2 form is shifted to 

-45° (compared to -63° for the zwitterion), and the T3 distribution is not equally 

distributed between +170° and -170°, which leads to a rigidity of the amino acid tail 

compared to all the other forms. It is the only form that is not bimodal for T3. The 

distribution of the torsion angles for the -2 form presents the most divergence from the 

zwitterion as they have the most different global charges. The data of Table 3.5 show 

that very few conformations are β-like for T2, due to the shift in T2 generated by the 

deprotonation. There are however more α-like dihedrals compared to the -1 form, on a 

similar level to what was observed with the zwitterion. 

The +1 form differs from the zwitterion by one hydrogen atom on the carboxylic group 

carried by C1, which is included in the torsion angle T2. However, this gain of one 

hydrogen atom does not seem to affect the geometry around T2 as the dihedral 

distribution is very close to that of the zwitterion, but with a slightly lower intensity. It 

does in fact affect T1 more, shifting the peak from -64° for the zwitterion to -50° for the 

+1 form, increasing the number of dihedrals close to that of the β crystals for T1 

compared to the zwitterion (Table 3.5). Because the only difference between these two 

forms is the hydrogen atom on the carboxylic group, this atom must be playing an 

important role in determining the conformation of the +1 form of glutamic acid. This 

requires further investigation as to the position of that hydrogen atom with respect to the 

nitrogen atom.  
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Figure 3.6: torsion angle distribution for a) N3-C3-C1-OH and b) N3-C3-C1-O2 for the 

+1 form (dashed line) compared to the dihedral formed by the same atoms in the 

zwitterion (plain line) 

In order to determine the position of the respective oxygen atoms, the torsion angle 

formed by N3-C3-C1-OH was monitored for the +1 form and compared to the N3-C3-

C1-O2 torsion angle made by the deprotonated OH atom in the zwitterion (O2). The 

two O2 atoms in the zwitterion, although labelled equivalent, can be differentiated by 

their position in the CONFIG file, hence tracking which of the O2 atoms becomes OH 

in the +1 form is possible. The dihedral distribution of these two torsion angles shows 

that the angle including OH prefers to be 180° in the +1 form and -170° in the 

zwitterion, while the angle containing O2 prefers -10° for both electronic forms (Figure 

3.6). This indicates that there is little rotation of the oxygen atoms around C1. The OH 

atom in the case of the +1 form is an O2 atom in the zwitterion. The O2 atom in the 

zwitterion forms a 180° dihedral angle with N3, and demonstrates that the oxygen 

carrying a hydrogen is further away from the nitrogen group compared to the 

deprotonated oxygen. In the case of the +1 form, there is some rotation around the C1 

atom compared to none for the zwitterion, and sometimes the two oxygen atoms invert 

their positions. The correlation between T1 and N3-C3-C1-OH has been measured by 

plotting a scatter graph of the two dihedrals (Figure 3.7) which shows that the two 

torsion angles are correlated: T1 takes up values of -60° if N3-C3-C1-OH is ±180° or 

0°, T1 is equal to 60° if N3-C3-C1-OH is ±180° or 60°, and T1 is equal to ±180° if N3-

C3-C1-OH is -60°. In comparison, the same scatter graph made by the equivalent atoms 

for the zwitterion shows a different correlation: Figure 3.8 shows that for values of T1 at 
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±60°, N3-C3-C1-OH is equal to ±180° for the zwitterion. The amino acid part of the 

molecule is much more rigid for the zwitterion than for the +1 from, and the protonation 

of O2 increase the rotational flexibility of the amino acid part. 
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Figure 3.7: torsion angle distribution N3-C3-C1-OH plotted against T1 for the +1 form 
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Figure 3.8: torsion angle distribution N3-C3-C1-OH plotted against T1 for the 

zwitterion 

The +1 form of glutamic acid is predominant at pH 1, which corresponds to a 

hydronium ion concentration of 10-1 mol/L and translates to 2.7 ions for 1500 water 

molecules. In order to measure the impact of a real pH change, the +1 form of glutamic 

acid was modelled at 300K with hydronium ions present in the simulation box. Three 

H3O
+ ions were introduced to the simulation box at random positions, away from the 
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solute molecule. The resulting torsion angle distribution is shown in Figure 3.9 and 

Table 3.6. In the presence of H3O
+ ions, the dihedral distribution shows sharper and 

higher peaks compared to a neutral environment, and becomes mono-modal for T3. The 

number of configurations that are β-like (β−β-any) for T1 and T2 are increased from 

55% to 64% with the hydronium ions. In an acidic environment, the +1 form of the 

glutamic acid conformation is more specific and loses mobility of the side chain. The 

variations in the conformations of the different forms are however relatively small. 

These protonations and deprotonations will probably have a greater effect on the 

interactions between the functional groups and water, which will be discussed Chapter 

4. 

0

20

40

60

 pH 1    pH 7  

In
te

ns
ity

 (
%

)

Dihedral (°)

In
te

ns
ity

 (
%

)
In

te
ns

ity
 (

%
)

0

20

40

60

-180 -120 -60 0 60 120 180
0

20

40

60

a)

c)

b)

 

Figure 3.9: torsion angle distribution for a)T1, b)T2 and c)T3 for a single glutamic acid 

molecule +1 form with H3O
+ ions (pH 1, plain line)  at 300K compared to in pure water 

(pH 7, dashed line) 

 

T1 T2 T3 +1 
+1 with 
H3O

+ 
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α − − 3.7 0.1 
β − − 77.0 92.3 
− α − 2.2 0.2 
− β − 64.1 66.2 
− − α 3.1 0.6 
− − β 0.7 0.3 
α α − 0 0 
β β − 55.1 64.5 
α − α 0 0 
β − β 0.3 0.3 
− α α 0 0.1 
− β β 0.1 0.1 
β α − 1.5 0.1 
α β − 2.6 0 
α α α 0 0 
β β β 0.1 0.1 

Table 3.6: T1, T2 and T3 combinations and their frequencies for the +1 form in 

presence of H3O
+ compared to without 

The isoelectric point of the zwitterion is 3.2, which corresponds to an H3O
+ 

concentration of 1 molecule per 55,555 water molecules. Such a system would be very 

time consuming to simulate, so a single zwitterion molecule was modelled in 512 water 

molecules which contained a single hydronium ion (plus a Cl- counterion for 

electroneutrality). In order to evaluate the influence of H3O
+ on the glutamic acid 

conformation, it is important to maximize the time where the ion is close enough to the 

solute molecule to have an impact on its geometry. To achieve this, the hydronium 

oxygen atom was placed close to the oxygen of the nearest acid group from the amine 

and the distance between them fixed at 2.8Å, which corresponds to the distance between 

oxygen atoms in water. The dihedral distribution for the zwitterion with an H3O
+ ion is 

shown in Figure 3.10 along with the conformation of a single zwitterion and the 

dihedral combination is shown in Table 3.7. The results show that the zwitterion 

conformation is affected by the presence of a hydronium ion, and presents more α-like 

geometries than in the absence of the ion, especially for T1 and T3. 10% of T3 are close 

to that of the α crystal compared to 0.7% for the zwitterion in pure water. The number 

of T1 dihedrals close to that of the β crystal is lower in the presence of the acid due to a 

new dihedral value adopted by T1 that is very different from the crystals. So it appears 

that the hydronium ion in close proximity to the zwitterion has a significant influence on 

the conformation of the glutamic acid.  
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Figure 3.10: torsion angle distribution for a)T1, b)T2 and c)T3 for a single glutamic acid 

molecule zwitterion with an H3O
+ ion (dashed line)  compared to a single zwitterion 

(plain line) at 300K 

T1 T2 T3 zwitterion 
zwitterion 
with H3O

+ 
α − − 0 0.3 
β − − 84.7 55.5 
− α − 1.8 0.1 
− β − 86.3 81.2 
− − α 0.7 10.3 
− − β 0.3 0.5 
α α − 0 0.0 
β β − 75.2 51.0 
α − α 0 0.0 
β − β 0.2 0.5 
− α α 0 0.0 
− β β 0 0.5 
β α − 0.3 0.0 
α β − 0 0.0 
α α α 0 0.0 
β β β 0 0.4 

Table 3.7: T1, T2 and T3 combinations and their frequencies for the zwitterion in 

presence of H3O+ compare to without 
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To compare the energy of these different isoelectric forms, the total energy of each 

system (in a neutral environment, pH 7) was averaged over the whole simulation and 

the resulting energy profiles were plotted in Figure 3.11. This assumes that the average 

contribution to the total energy from the water is the same regardless of the electronic 

form of the glutamic acid, so that the values compared correspond to the energy 

contributed from the interactions between the water and the glutamic acid and from the 

glutamic acid molecule. The divergence for the -2 form in conformation (Figure 3.5) 

compared to the zwitterion is confirmed by the most frequent energy: the -2 form 

displays the most divergence from the zwitterion in energy, followed by the -1 form and 

the +1 form, which is very close to the energy of the zwitterion. The simulations were 

run at the equivalent of pH 7, where the -1 form is predominant, along with the 

zwitterion and the -2 forms in small quantities (Borissova et al., 2005) (see Figure 1.9). 

The same energies can be compared to the energies of the molecules in vacuum (Table 

3.8): the isoelectric forms keep the same order of stability (apart from the +1 form), -2 

being the most stable. This suggests that the relative stability is regulated by the global 

charge of glutamic acid rather than the structure of the water around the solute 

molecules. The +1 form, least stable in vacuum, seems to gain stability through 

solvation.  
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Figure 3.11: energy profiles of the isoelectric forms of glutamic acid  
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 vacuum dielectric water 

Zwitterion -332.13 15.732 -6020.4 

-1 -577.11 12.233 -6255.1 
-2 -745.47 12.049 -6411.8 
+1 -237.54 16.494 -5998.5 

Table 3.8: single point (vacuum and dielectric) and average energy calculations (water) 

for the isoelectric forms of glutamic acid  

Density functional theory calculations performed on aspartic acid in vacuum and in 

solution on its -1 form, the zwitterion, and some combination of neutral forms showed 

that the zwitterion and the -1 form are unstable in vacuum, and that only the -1 form and 

the zwitterion were stable in an aqueous solvent and did not revert to the neutral form, 

which is stable in vacuum (Paxton and Harper, 2004). The -2 and +1 forms were not 

studied. Because the pKa’s of aspartic acid are close to those of glutamic acid (2.1, 3.9 

and 9.8 for pKa1, pKa2 and pKa3, respectively; see Figure 1.9), the same could be 

expected for glutamic acid.  

Glutathione has a glutamic acid moiety that is similar to glutamic acid except for a 

hydrogen atom (HO). This moiety is capable of being in three charged states: the 

zwitterion, similar to the amino acid charged part of glutamic acid, the -1 and +1 forms, 

similar to the corresponding forms in glutamic acid -1 and +1 forms. Glutathione was 

investigated using MD on a single molecule in SPC water by Lampela et al. (2003). The 

geometry for the zwitterionic glutamic acid moiety shows that the most common 

conformation for T3 is around 180° and 65° angle. The first value is similar to that 

found in this thesis, and 65° correspond to T3 in the α crystal. The most common 

conformation for T1 is around -70° and -170°: again, -70° corresponds to the results 

shown here and -170° corresponds to T1 in the α crystal. The -1 and +1 form of the 

glutamic acid part of glutathione differs from the zwitterion only in the proportion of the 

different possible configurations (Lampela et al., 2003). 

3.3.3 Supersaturated Solution  

For the systems containing more than one glutamic acid molecule, the torsion angle 

distribution and combinations were averaged over the total number of glutamic acid 

molecules in the system. The resulting distribution is shown in Figure 3.12, along with 

the results from the single molecule in water system for comparison. The three systems 
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give a similar conformation distribution, especially for T1 and T2. For the third torsion 

angle, the partition around ±180° is not the same for all three concentrations, resulting 

in small discrepancies between the three systems. A very small amount of 

configurations are α-β for T1 and T2, and β-β-β for all three dihedrals (Table 3.9) for 

the supersaturated solution compared to the infinite dilution. There is a small increase in 

the β-β-β conformation for the 42 glutamic acid system. Overall, the conformation of 

the glutamic acid molecule is not affected by the presence of other neighbouring 

glutamic acid molecules for the concentration studied. There is no effect of temperature 

on the torsion angle distributions for the 5 and 10 glutamic acid molecules, other than 

sharpening of peaks (Figure 3.13), which is confirmed by the results in Table 3.10, 

which show an increase of the β-like dihedral as the temperature decreases. A decrease 

in temperature induces the glutamic acid in supersaturated solution to favour a β-like 

conformation. 
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Figure 3.12: effect of concentration on the configuration: 1 (red), 5 (grey) 10 (dashed 

black) and 42 (dotted blue) glutamic acid molecules in water 
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T1 T2 T3 1 5 10 42 42 (-1) 

α − − 0 0.5 0.3 0.6 0.7 
β − − 84.7 85.7 84.6 78.3 80 
− α − 1.8 0.8 1.0 1.5 1.3 
− β − 86.3 86.3 86.0 81.8 75.6 
− − α 0.7 0.3 0.4 1.0 1.3 
− − β 0.3 0.2 0.3 1.1 0.8 
α α − 0 0.1 0.0 0.1 0.1 
β β − 75.2 75.3 74.3 68.7 66.7 
α − α 0 0 0 0 0 
β − β 0.2 0.1 0.1 0.4 0.3 
− α α 0 0 0 0 0 
− β β 0 0.2 0.1 0.3 0.2 
β α − 0.3 0 0.3 0.2 0.3 
α β − 0 0.2 0.2 0.2 0.3 
α α α 0 0 0 0 0 
β β β 0 0.1 0.1 0.2 0.1 

Table 3.9: T1, T2 and T3 combinations and their frequencies for 1, 5, 10, 42 zwitterion 

systems and for 42 -1 forms of glutamic acid at 300K 
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Figure 3.13: effect of temperature on the a) 5 and b) 10 glutamic acid system. (plain 

line: 300K, dashed like: 260K) 
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T1 T2 T3 5 – 300K 5 – 260K 10 – 300K 10 – 260K 

α − − 0.5 0.3 0.3 0.2 
β − − 85.7 90.2 84.6 84.8 
− α − 0.8 0.0 1.0 1.0 
− β − 86.3 92.3 86.0 88.1 
− − α 0.3 0.0 0.4 0.7 
− − β 0.2 0.0 0.3 0.7 
α α − 0.1 0.0 0.0 0.1 
β β − 75.3 82.7 74.3 77.0 
α − α 0.0 0.0 0.0 0.0 
β − β 0.1 0.0 0.1 0.5 
− α α 0.0 0.0 0.0 0.0 
− β β 0.2 0.0 0.1 0.2 
β α − 0.0 0.0 0.3 0.4 
α β − 0.2 0.3 0.2 0.0 
α α α 0.0 0.0 0.0 0.0 
β β β 0.1 0.0 0.1 0.2 

Table 3.10: T1, T2 and T3 combinations and their frequencies for the 5 and 10 glutamic 

acid at 260K and 300K 

The dihedral distribution for a system containing 42 molecules of the -1 form of 

glutamic acid is plotted in Figure 3.14. A small difference appears in T3 compared to 42 

zwitterions, which is the same as for the single glutamic acid -1 form in water (Figure 

3.5), i.e. the distribution not equally distributed on each side of 180°. The deprotonation 

of the amino acid side chain induces rigidity in that end of the molecule. Once again, the 

concentration does not influence the average conformation of the solute molecules, c.f. 

Figure 3.5 and Table 3.5 for single molecules. The numbers of torsion angles close to 

that of the crystals are reported in Table 3.9: the total number of conformations that are 

close to that of the β crystal for the three torsion angles is the same compared to the 

other concentrations. A similar simulation was performed on the same system using a 

different force field: McLain et al. (2006) used empirical structure refinement on a 20 

glutamic acid molecules (-1 form) and 20 sodium ions in 580 SPC/E water molecules, 

providing the same concentration as the 42 solute system. They found that T1 is centred 

at ~ -155°, T2 at 70° and T3 ranges between -10 and 80°. The difference obviously 

arises from the different potentials used, and also from the fact that no charges were 

assigned on the carbon atoms in the work of McLain et al. The authors noted that 

several distinct structures can give similar level of agreement with their experimental 

data.  
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The unit cell of monosodium glutamate (MSG) pentahydrate contains two glutamic acid 

molecules in the -1 form, two sodium atoms and ten water molecules. The glutamic acid 

molecules in this compound do not have the same conformation (see section 3.2.2). 

Although T1 and T2 are very similar, T3 in the MSG crystal can take two distinct 

values of opposite sign. The -1 form of glutamic acid in solution adopts a similar 

conformation to the one found in crystals of MSG pentahydrate. T1 and T3 are similar 

to that of MSG, and T2 is of opposite sign compared to T2 in MSG crystals. This result 

indicates that the AMBER force field favours the conformation that is found in MSG 

pentahydrate crystals for glutamic acid molecules in aqueous solution. 
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Figure 3.14: torsion angle distribution for T1, T2 and T3 for 42 glutamic acid zwitterion 

(dashed black line) and 42 -1 form (plain red).The grey circles represent the dihedral in 

the α glutamic acid polymorph, the black squares represent that in the β polymorphs, 

and the blue symbols represents the two dihedrals found in the MSG pentahydrate 

crystals. 

3.4 Conclusion 

The conformations of glutamic acid in different media were determined, and it was 

shown that the molecules tend to prefer a particular conformation, especially in an 
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explicit water environment. The preferred conformation is close to that found in the β 

crystal for T1 and T2, and the third torsion angle was bimodal around 170°.  

The changes in electronic species lead to a subtle change in the conformation of the 

glutamic acid molecules; the -2 form, being the most different to the zwitterion, exhibits 

the greatest divergence in terms of conformation and global potential energy compared 

to the zwitterion. The protonation of the carboxylic group on C2 gives rise to a preferred 

conformation where the hydroxyl oxygen is further away from the amine group 

compared to the carbonyl oxygen, and that the configuration of the amine and the 

carboxylic groups is correlated. The presence of H3O
+ ions leads to a rigidity of the side 

chain in the +1 form of glutamic acid. Hydronium ions also affect the conformation of 

the zwitterion by allowing the molecule to take α-like conformations if the two species 

are close to each other. 

A change in concentration showed no change in the conformation of the glutamic acid 

molecules. With an increase in concentration comes a scattering of the preferred 

conformation. 

Overall, the differences in the conformation of glutamic acid molecules are small when 

varying isoelectric forms or concentration. The preferred conformation is very similar in 

all the results presented in this chapter, and neither the change in electrostatic forces 

from the change in global charges nor the change in solute-solute interactions seems to 

affect the preferred conformation. The conformations extracted from the α and β 

crystals both have a lower energy than the preferred conformation for a single 

zwitterion molecule when simulated in SPC/E water, and the β-β-β conformation, 

which has the lowest energy, is rarely observed. It seems that the force field employed 

here is biased toward a particular conformation that is similar to that in the β crystals for 

T1 and T2 and where T3 is 170°. It was shown in section 2.3.4 that the water model 

chosen (SPC/E) reproduces well the experimental parameters of water, so the problem 

seems to arise from the AMBER force field or the mixing rules that were applied to 

obtain the glutamic acid – water interactions. The AMBER force field is responsible for 

the bonds, angles and dihedrals of glutamic acid, as well as all the interatomic forces 

between water and glutamic acid and between glutamic acid molecules. In the 

simulations featuring only one glutamic acid molecule, only the internal parameters and 
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the interactions with water are responsible for the conformation of the solute molecule. 

The AMBER force field, although proven to perform well for simulating bond and 

angle energies (Cornell et al., 1995), does not perform as well for simulating internal 

conformations of solvated molecules. In a vacuum environment, the force field is biased 

towards a β-like conformation, whereas in dielectric, both α- and β-like conformation 

are observed. In SPC/E water, however, glutamic acid molecules tend to only take up β 

conformations, which indicates that the water interactions are probably incorrect. 

Chapter 4 describes the study of the interactions between the water molecules and the 

glutamic acid molecules in order to investigate the validity of the conformational 

distribution of solvated glutamic acid molecules.  

 


