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Appendix B

Validation of solvated glutamic acid /
glutamate simulations

In this appendix, I validate three aspects of the simulations of Glu in water of chapter 5.
Firstly I show that the quantum systems are equilibrated after 2 ps. Then I check the influ-
ence of the simulation time on the residence time, to rule out the effect of conformational
changes.. Finally, I study how finite box sizes affect the structure and dynamics. I will dis-
cuss some simulations of pure water that can be compared to experimental results as well.
The experiments that have been done on Glu, measure different things than I have studied
(mainly spectra). For water, parameters such as the radial distribution function and self-
diffusion have been measured and have been extensively compared to simulations. Pure
water simulations can teach us more on how to interpret the Glu simulations.

In chapter 5 I studied systems of glutamic acid and glutamate (Glu) solvated in 135
water molecules in a cubic box with a size of 16.3 Å. I used force field and quantum sim-
ulation methods. In section B.1 I will look at the equilibration of the quantum simulations
and set this off against results on pure water from the literature. After that, I will discuss
the simulations with two different system sizes and I will compare these results with pure
water simulations in different boxes.

B.1 Equilibration time

To check for proper equilibration of the quantum systems, I look at the Mulliken charges
and the radial distribution functions of the first picoseconds of the quantum simulations
from chapter 5. Figure B.1 shows the radial distribution functions of 2-ps (4000 simulation
steps) time spans from the start of the simulation. The black line in this figure shows the
first radial distribution function after the equilibration period; these data are fully included
in the sampling in chapter 5. The black line and the red and magenta ones from later
periods are much closer to the dotted 18-ps average line than the earlier blue and green
lines.

Izvekov et al.103 plotted the velocity-autocorrelation function for a simulation of 64
water molecules using CPMD. It clearly shows that there is no autocorrelation after 0.8 ps.
After the same period, the mean squared displacement is a straight line. Both Izvekov’s
figures clearly indicate that the equilibration time of this simulation is less than 2 ps.
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Figure B.1: Radial distribution function of water oxygens around oxygen 14 in simulation QMH.
It is averaged over 2 ps (4000 time steps) and plotted every 0.5 ps. The black dotted line shows the
function averaged over the complete simulation, as presented in figure 5.6(a). The black solid line
indicates the period from 2 to 4 ps. The blue and green lines are from earlier periods, the red and
magenta lines from later periods. All lines are running averages over 20 points.

In figure B.2 I show Mulliken charges evolving over the complete QMH simulation
(including equilibration time). The green line, indicating the charge on the acidic proton,
fluctuates less than the other (oxygen) lines and is therefore easier to follow. After less
than 1 ps, this charge is stabilised. The blue and cyan line are the two carboxylate oxygens.
The lines show that these two oxygens have fluctuating charges, in accordance with their
changing character as discussed in section 5.3.2. These fluctuations are a physical effect
and are not the result of incomplete equilibration.
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Figure B.2: Time evolution of the Mulliken charges on oxygens 14 (black line), 15 (red), 18 (blue)
and 19 (cyan). The green line is the charge on hydrogen 16 minus 0.85 e. This line is shifted
downwards to be plotted in the same graph. The lines are running averages over 300 points. The
dotted line indicates the end of the equilibration period.
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Figure B.3: Residence times of water molecules hydrogen bonding to glutamate oxygens. The black
bars correspond to oxygen 14, the diagonally striped bars to oxygen 15, the horizontally striped
bars to oxygen 18 and the white bars to oxygen 19. System QM- and FF- are already presented in
figure 5.10. System FF-/20 ps shows the results of this section on the short force field simulation.
System FF-/LB is a 2-ns force field simulation in a larger similation box, presented in section B.3.

B.2 Simulation time

Next to the 2-ns FF simulations I described in chapter 5, I also performed a 20-ps force field
simulation on glutamate. This simulation time is comparable to that of the QM simula-
tions. Many conformational changes of Glu (for example rotation of the side chain) can
hardly occur within 20 ps, but will have an effect during 2 ns. As it is expected that this
influences mainly the residence time, I show the different hydrogen bond lifetimes in fig-
ure B.3). The conformational changes in the short force field simulation (system FF-/20 ps)
should be comparable to the ones in system QM-. However, the residence times of simu-
lation FF-/20 ps are very close to the ones of system FF-, that has a simulation time that
is 100 times longer. Hence, the conformational changes that are sampled in the 2-ns sim-
ulation hardly influence the residence time of the hydrogen bonds. This can be explained
by the observation that conformational changes happen on a much longer time scale than
hydrogen bond changes and hence the former and the latter occur independently.

B.3 Finite size

To check for finite size effects, I did two force field simulations of glutamate in water, only
varying one parameter: the system size. For both systems, I use the simulation method as
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described in section 5.2. I show the systems sizes in table B.1. The time of the production
runs was 10 ns.

Table B.1: The parameters of the simulations.

system small large
no. of water molecules 135 1638
box size (Å) 16.2949 37.2350

B.3.1 Structure

To look at the structure of the water molecules around Glu, I look at the radial distribution
functions and at the coordination numbers (see table B.2) around the oxygens of glutamate.
I use the oxygen labels defined in figure 5.1(a).

Table B.2: The average coordination numbers around the oxygen atoms of Glu.

oxygen small large
14 3.42 3.42
15 3.41 3.42
18 2.98 3.01
19 2.98 3.01

Just as the coordination numbers, the radial distribution functions are extremely similar
as well. Figure B.4 presents one example, of water oxygens and water hydrogens around
oxygen 14. The two systems give lines that lie exactly on top of each other. It is also clear
that from 8 Å on, the radial distribution functions are basically horizontal lines, indicating
that there is no structuring influence of the Glu oxygens at larger distances. The data in
this section do not suggest at all that the size of the box influences the structure of water
molecules around Glu, for boxes of 16 Å and larger. This result is corroborated by previous
literature results of ab initio simulations of pure water,108, 112 where even much smaller
boxes (down to 32 water molecules) were used.

Some ab initio simulations show an overstructuring compared to experiments and force
field simulations: the peaks of the radial distribution functions are not shifted, but they
are higher and narrower. This was the case in Grossman’s paper,108 with both the BLYP
and the PBE functional. Schwegler et al.107 and Fernández et al.112 saw a similar thing.
However, Silvestrelli et al.118 and Izvekov and Voth103 compared to the same experimental
results; in their ab initio results, the g(r) peaks were lower and much closer to the experi-
mental peaks (although still a bit narrower). The overstructuring is mainly visible in the
first intramolecular peak of OH radial distribution functions; hence, it is more an over-
structuring within than between the water molecules. In my Glu simulations, I do see wider
g(r) peaks in the force field simulations compared to the BOMD simulations (there are no
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Figure B.4: Radial distribution functions of water around Glu oxygen 14. The solid line is the g(r)
of water oxygens surrounding oxygen 14 in the large system, the dashed-dotted line in small system.
The dotted line represents water hydrogens around oxygen 14 in the large system, the dashed line
in the small system. The radial distribution functions are calculated over 1000 bins, presenting the
results as running averages over 10 data points to smoothen the graphs.

experiments to compare with); however, the coordination numbers are significantly lower
for the latter. So we should actually identify two aspects of structure: 1) the distribution
of g(r) distances and 2) the number of hydrogen bonds. Overstructuring of the first type
is reported by many ab initio studies on pure water and my simulations show a similar
thing around Glu. The second however is not reported at all for water (in most studies, the
coordination numbers are not calculated).

B.3.2 Dynamics

I present the residence times of water molecules hydrogen bonding to Glu oxygens in the
small and the large system in table B.3. These are the lifetimes of the hydrogen bonds
donated by water molecules to Glu oxygen atoms. There is a noticeable difference: hydro-
gen bonds in the smaller system live about 1.3 times as long as in the larger system. An
explanation for this is that water molecules in the first solvation shell of Glu are not only
influenced by the glutamate molecule, but also by the second solvation shell. And this
shell in turn is also structured by the third solvation shell. However, when Glu is aligned
along one of the principle axes in the small box, this third solvation shell is also the second
solvation shell for atoms on the other side of the Glu molecule. This third solvation shell
is more important for lifetimes of hydrogen bonds than for the structure. The process of
hydrogen bond breaking involves more than just the hydrogen bond donating molecule,
for example because a molecule from the second shell replaces a water in the first shell.

Other simulation studies of pure water did not study hydrogen bond switches specif-
ically, but many of them calculated the self-diffusion constant D from the mean squared
displacement of the water molecules. Although this are not exactly the same parameters,
they are to some extent comparable: when hydrogen bonds break and form more easily,
a water molecule can diffuse faster. We present some literature results in table B.4 and
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Table B.3: The average residence time (in ps) of water molecules around oxygen atoms of Glu. They
are also graphically presented in figure B.3, amongst other results.

oxygen small large
14 3.56 2.71
15 3.56 2.67
18 3.21 2.58
19 3.24 2.52

discuss them extensively in the next section.

Table B.4: Some relevant diffusion constants of water at ambient conditions (unless stated other-
wise) from literature. I refer to the primary sources for the details.

water model D (10−5 cm2/s)
experiment,113 T=298 K 2.30
experiment,113 T=308 K 2.92
experiment,113 T=318 K 3.58
experiment, D2O,113 T=298 K 1.87
SPC, 216 mol.114 3.6 ± 0.5
SPC, 267 mol.115 3.85 ± 0.09
DFT-BLYP, CPMD, T=292 K, 32 mol.108 0.11
DFT-PBE, CPMD, T=292 K, 32 mol.108 0.12
DFT-PBE, CPMD, T=295 K, 54 mol.108 0.37
DFT-PBE, CPMD, T=296 K, 54 mol.107 0.24
DFT-PBE, BOMD, 64 mol.107 0.079
DFT-BLYP, BOMD, T=426 K, 64 mol.109 12.4 ± 6.5
DFT-BLYP, CPMD, T=428 K, 64 mol.109 12.8 ± 5.4
DFT-BLYP, CPMD, T=314 K, 64 mol.116 0.6
DFT-BLYP, BOMD, T=330 K, 64 mol.116 0.3
DFT-rPBE, BOMD, D2O, T=314 K, 32 mol.117 2
DFT-BLYP, CPMD, D2O, 64 mol.103 2.1 ± 0.06
DFT-BLYP, CPMD, D2O, 32 mol.103 1.0
DFT-BLYP, CPMD, D2O, T=314 K, 64 mol.118 2.8 ± 0.5
DFT-BLYP, CPMD, D2O, 32 mol.118 1.0

B.3.3 Discussion and conclusions

Increasing the box size for the solvated glutamate simulation does not influence the struc-
tural results: the coordination number and radial distribution functions hardly change.
Literature results are very similar. Although there is some difference between ab initio and
force field structures, these differences are relatively small.
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Self-diffusion constants are a different story. SPC results in literature show that this
water model overestimates the D of pure water with a factor 1.6.114, 115 The results for ab
initio waters are very different. Some results are almost spot on compared to experiments,
but most of them underestimate D. It is not ruled out at all that this underestimation is
(partly) a result of the small box sizes in these studies. Based on the correct structure
predictions, some authors112 claim that size effects are hardly present, but all simulations
that compare different system sizes report higher Ds for larger boxes. My simulations show
as well that the system size does influence the dynamics: hydrogen bonds between water
and Glu live 1.3 times longer in the small box. The system sizes in some of the studies
discussed here107, 108 are so small, that they do not even contain two solvation shells. I
guess that this is the main reason for the underestimation. Kuo et al.109 point out that with
the current possibilities in computation, we can only calculate the order of magnitude for
the diffusion constants, not exact values. The differences in the results tabulated here, seem
to support this statement. In my full protein simulations the size effect is not as important,
because the box length is more than four times as large and the system volume 64 times
more. Also, this effect is most likely the same for both simulation methods, so it is not
imposing an unphysical difference between the dynamics in the QM and in the MM part
of a QMMM simulation. (But note that this cannot be concluded for other effects, such as
discussed in chapter 5.)

Although the diffusion is coupled to the lifetime of hydrogen bonds, it is not a one-to-
one relation. Other aspects that influence D, according to the authors of the papers cited
in this chapter, are the fact that many studies use deuterium in stead of hydrogen, the PBE
functional overstructures water more than BLYP does, the absence of quantum effects and
dispersion forces, slow equilibration and the short run times of simulations based on first
principles (the average distances travelled during the production runs are on the order of
the size of the molecules). The last two problems are not as severe for estimating local
dynamical properties (such as the hydrogen bond switches that I study), because these
events happen faster than travelling a significant distance through a simulation box.

One needs to calculate the self-diffusion over blocks of sufficient time, after sufficient
equilibration. Fernández et al.112 present mean squared deviations over 7.5 ps windows,
taken every 2.5 ps. They show that the slope of these lines are still changing after 25 ps.
This is the upper boundary of computing times that we can reach. Kuo et al.109 however,
find very similar diffusion constants for the time span from 2 to 7 ps and from 7 to 27 ps
in the same simulation, well within the error margin of the results (12.4 vs. 12.3 and 12.8
vs. 12.7 for the results in table B.4). Unlike Schwegler, Kuo et al. do not find a significant
difference between BOMD and CPMD results.

Many of the ab initio papers report overstructuring of water compared to experiments
and force field simulations. In my simulations of Glu in water I do see narrower peaks
for the BOMD simulation, but the coordination numbers show an opposite effect: Glu
overstructures the water shell around it when simulated with the force field, compared
to my QM results. (There are no experimental results to compare this with.) Hence the
conclusions based on pure water simulations cannot be used directly on solute systems,
such as glutamate or complete proteins in water. Fernández et al.112 show that diffusion
has a direct link with the number of network imperfections in (real and simulated) water.
The overstructuring in ab initio water simulations gives a too low number of defects and
hence a diffusion that is too slow. In my simulations, the coordination is unphysically
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high around force field Glu. The overcoordination is likely to disrupt the water structure
more than in the quantumchemical simulations, making the number of defects in water
too high and hence increase the diffusion too much. According to Fernández, the number
of defects grows with time (both in simulations and in reality); the presence of a complete,
equilibrated protein environment will conceivably help as well to create a more physical
number of defects.


