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Chapter 5

A microscopic picture of the aqueous
solvation of glutamate and glutamic
acid∗

I present molecular dynamics simulations of glutamic acid and glutamate solvated in water, using
both density functional theory (DFT) and the Gromos96 force field. I focus on the microscopic as-
pects of the solvation - particularly on the hydrogen bond structures and dynamics - and investigate
the influence of the protonation state and of the simulation method. Radial distribution functions
show that the hydrogen bonds are longer in the force field systems. I find that the partial charges
of the solutes in the force field simulations are lower than the localised electron densities for the
quantum simulations. This lower polarisation decreases the hydrogen bond strength. Protonation
of the carboxylate group renders glutamic acid a very strong and stable hydrogen bond donor. The
donated hydrogen bond is shorter and lives longer than any of the other hydrogen bonds. The
solute molecules simulated by the force field accept on average three hydrogen bonds more than
their quantum counterparts do. The lifetimes of these bonds show the opposite result: the residence
times are much longer (up to a factor 4) in the ab initio simulations.

5.1 Introduction

Glutamic acid, or its deprotonated equivalent glutamate, is one of the 20 natural amino
acids. Solvated in water, it exists in zwitterionic form, see figure 5.1. Next to being a build-
ing block in almost all proteins, glutamate also serves as a ligand in receptor proteins.93

My interest is especially in the protonation reaction of the photocycle of the photoactive
yellow protein (PYP). This signalling protein has a chromophore18, 19 that responds to UV
light and isomerises from the cis to the trans state. I studied the solvation of this chro-
mophore in detail in chapter 4. After the isomerisation, the chromophore is protonated,
most likely by the nearby glutamic acid. When glutamic acid loses a proton, it takes up
a negative charge. I showed that the reactive event involves the enhanced stabilisation of
glutamate by hydrogen bonds in chapter 3. In the ground state of the protein, glutamic acid

∗This chapter is based on “A microscopic picture of the aqueous solvation of glutamic acid” - Elske J.M.
Leenders, Peter G. Bolhuis and Evert Jan Meijer, J. Chem. Theory Comput., 2008.
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Figure 5.1: Glutamic acid (a) and glutamate (b). The two molecules differ in the protonation state
of oxygen 15. At neutral pH, the amino acid is a zwitterion and the side chain is deprotonated, as
its pKa value is 4.07.

takes part in only one hydrogen bond: the one it donates to the negatively charged chro-
mophore. When deprotonated, glutamate is only stable when it accepts at least three hy-
drogen bonds. This implies that upon proton transfer, hydrogen bonds in the environment
of glutamate have to rearrange. They can be donated by surrounding amino acids or the
chromophore, but also by water molecules that penetrate the chromophore binding pocket
of the protein.94 I found that the hydrogen bond rearrangements occur easier and faster
in force field molecular dynamics simulations of the protein, compared to QMMM (quan-
tum mechanics / molecular mechanics) simulations that simulate glutamate and some of
its possible hydrogen bond donors with quantum methods and the environment (protein
and water molecules) with a force field.

These findings underline the importance of a proper description of the hydrogen bond-
ing of glutamate and glutamic acid (both abbreviated as Glu) in the modelling of PYP. In
this chapter, I therefore study the solvation of Glu in water, the prototype hydrogen bond-
ing environment. Sun et al.95 studied Glu in the gas phase with different quantum methods.
Prabhakar96 simulated a small part of the Glu side chain in a model system with three wa-
ter molecules in the gas phase. Both systems are too small to see hydrogen bond exchanges.
Experimental and quantum simulation studies on glutamic acid and glutamate solvated in
water focus on spectroscopic properties.93, 97 Nowadays, classical simulations on simple
systems as glutamic acid aim to optimise the parametrisation of the force field.42, 43, 98–100

They focus on the force field, not on glutamic acid itself, and they reproduce macroscopic
thermodynamic quantities such as the density and the free enthalpies of solvation. To my
knowledge, their is no previous work that investigates the microscopic and dynamic prop-
erties of glutamic acid and glutamate in solution.

I present in this chapter a study on both protonation states of Glu in water, simulated
with either a quantum or a force field method. Besides giving a detailed picture of the
hydrogen bonds and their dynamics in solution, this helps me to better interpret force field
and QMMM results on PYP in previous and future work. The intention of this work is 1) to
provide a microscopic picture of solvated Glu, focussing on aspects that have not or cannot
be measured in experiments and 2) to understand what the influence of the simulation
method is, so that I can interpret simulations of Glu correctly (not only in solvent, but also
in a protein environment).

In the next section, I explain how I equilibrated my systems and which simulation
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methods I used for my production runs. In the results section, I compare various aspects of
the simulations in different subsections and discuss them. In the concluding section, I sum-
marise these results and show their impact on other simulations, such as my calculations
on the photoactive yellow protein.

5.2 Computational methods

As input structures, I equilibrated glutamic acid and glutamate in 135 SPC waters using
the Gromos96 force field31 (version 43A1) with the Gromacs software package.35 The wa-
ters could form more than one solvation shell in each direction even when the molecule
was extended. For all force field simulations I used a time step of 2 fs and a Nosé-Hoover
thermostat72, 73 with τ=0.1 ps, keeping the temperature at 300 K. The LINCS74 and SET-
TLE75 algorithms constrained the bond lengths and angles. For both systems I started with
an NPT simulation of 2 ns, using the isotropic Berendsen barostat101 with τ=1 ps and a
reference pressure of 1 bar. Using the final configuration as a starting point, I performed
NVT simulations of 2 ps with iteratively chosen box sizes. I took the box with the pressure
nearest to 1 bar as a starting point for the production runs. For glutamic acid, the cubic
box had a size of 16.3395 Å, for glutamate this was 16.2949 Å. The force field production
runs started from here, simulating NVT for 10 ns. I also performed a force field simulation
of glutamate in a box of size 37.2350 Å containing 1638 water molecules to check for finite
size effects. In this chapter, I only present the main conclusions of this validation. The full
details can be found in appendix B.

From the same starting structures, I performed quantum molecular dynamics simu-
lations based on density functional theory (DFT) using Quickstep,53 which is part of the
CP2K program package.39 It uses a Born-Oppenheimer molecular dynamics (BOMD) algo-
rithm, meaning that it calculates the ground state electron density every time step and from
that the forces on the ions. It employs a hybrid Gaussian and plane waves (GPW) basis
set,84 which makes efficient and accurate density functional calculations of large systems
(up to 1000 atoms) possible. I used Goedecker-Teter-Hutter (GTH) pseudopotentials86, 87

and the TZV2P basis set.53 As it serves well for simulating liquid water,102 I used the BLYP
functional.49, 50 The density cut-off for the plane wave basis set was 280 Ry and the time
step 0.5 fs. A Nosé-Hoover chain thermostat88 with a chain length of 3 and a time con-
stant of 1000 fs fixed the temperature at 300 K. Every SCF step, the energy was converged
up to 1.10−5 Hartree. Every time step, I recorded the positions, velocities and Mulliken
charges of all the atoms. I simulated for almost 18 ps; the first 2 ps were considered to be
equilibration time and not included to calculate the properties. Izvekov et al.103 showed
that there is no velocity autocorrelation anymore after 1 ps in a quantum simulation of 64
water molecules. I checked the radial distribution functions and Mulliken charges in my
simulations as well and they are converged within 2 ps (see appendix B).

I studied glutamic acid and glutamate in water. For every protonation state of this
molecule, one simulation was performed using the force field and another using the quan-
tum mechanical method. In table 5.1, I add acronyms to these four systems, which I will
use throughout this chapter.

More conformational changes will happen during a long simulation compared to a
shorter one. To study the influence of conformational changes in the force field simula-
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Table 5.1: The four systems described in this chapter

system method protonation state charge time step (fs) total time (ps)
QMH Quickstep protonated (glutamic acid) 0 0.5 15.632
QM- Quickstep deprotonated (glutamate) -1 0.5 15.593
FFH force field protonated (glutamic acid) 0 2 10000
FF- force field deprotonated (glutamate) -1 2 10000

tions, I performed a 20-ps FF simulation of glutamate. I discuss the full results of this
simulation in appendix B.

5.3 Results

In this section I will discuss the differences between various properties calculated in the
four different systems. First I will discuss the charges localised on the atoms. Then I will
compare the hydrogen bond structures around the amino acid molecules and finally the
dynamics of these bonds.

5.3.1 Charges

One of the main differences between force field and ab-initio simulations is that the former
uses fixed (partial) charges on atoms, while the latter calculates the electron density and
hence the charge distribution every time step on the fly. In this section I check the difference
between these fixed charges and the calculated ones, on the amino acid atoms and the
water atoms. I distinguish between waters in the first solvation shell and bulk waters.

Figure 5.2 shows the average Mulliken charges on the atoms of the ab initio molecules,
compared to the fixed charges of the force field. The force field does not include non-polar
hydrogens; the charge given is the charge of the complete CH or CH2 group. Noticeable
is that the two quantum simulations hardly differ in their partial charges. Only the charge
on the two oxygens in the side chain carboxylate group differs, which can be expected as
this is the group that is protonated in QMH and deprotonated in QM-. The differences
however are very small. For most atoms, the force field charges are closer to zero than
their quantum equivalents. This lower degree of polarisation can lead to weaker hydro-
gen bonds in the force field simulations. Note that Mulliken charges are only one way to
attribute charge densities to specific atoms; other methods might give somewhat different
results. Although the force field partial charges are to some extent based on quantum sim-
ulations, they have been adjusted to fit thermodynamic properties,104 not to represent the
charge density as good as possible. This being said, other researchers also saw the problem
of the low polarisation. Villa et al.98 found too low values for the hydration free energies of
many neutral amino acids with the Gromos96 force field. In that case, the results were in
better agreement with experiments when all partial charges were multiplied with a factor
1.1.
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Figure 5.2: Mulliken charges on glutamic acid (system QMH, solid line) and glutamate (system
QM-, dotted) and fixed force field charges for the systems FFH (dashed) and FF- (dashed-dotted).
The numbers of the atoms agree with figure 5.1(a). I also summed the Mulliken charges on the CH
and CH2 groups, to enable comparison with the force field, in which these hydrogens are implicit.
For system QMH, the charge on these groups is represented by crosses, for system QM- by circles.
The error bars give 1.96 times the standard deviation of the average of ten bins.

Table 5.2: The total charge on Glu in the four different systems. The error for the quantum systems
is 1.96 times the standard deviation of the average of ten bins; the force field imposes an integer
charge on the molecules.

system charge (e)
QMH 0.0795 ± 0.0090
QM- -0.643 ± 0.015
FFH 0
FF- -1

Furthermore, while the N atom is very negatively charged in the DFT simulations
(almost -0.6 e), it has a small positive charge of 0.13 e in the force field. Although the
hydrogen-bonding properties of the amino group are not the subject of this chapter, this
charge difference must influence these properties to some extent.

Table 5.2 shows the total charge on the Glu molecules. It shows that glutamic acid in
system QMH has a small but significant positive charge. In the QM- case, the negative
charge is not completely on the glutamate molecule, but spread over the waters as well.
Figure 5.3 is a visualisation of the ‘charge transfer’ to the water molecules. It shows the
(Mulliken) charges for the water molecules in the force field simulations and the quantum
simulations, in the bulk and in the first solvation shell around the amino acid oxygens. Both
the bulk and the first solvation shell waters of the QM- system are negatively charged, as
could be expected from table 5.2. The force field hydrogens in water are more positive than
their quantum counterparts, the water oxygens more negative. Hence, force field water
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Figure 5.3: (Mulliken) charges on the water hydrogens (a) and the water oxygens (b), and the total
charge per molecule (c). The dashed line is the constant charge from the force field simulations. The
solid line represents the first solvation shell waters of QMH, the dotted line of QM-. The charges on
bulk water molecules are given by the grey crosses (QMH) and circles (QM-). Note that the scales
on the y axes differ. The indices on the x axis refer to the oxygen to which the waters hydrogen bond.

molecules are more polarised. This is in contrast to the solute molecules, that are more
polar in the ab initio simulations.

Oxygen 15 is the protonated oxygen in system QMH. The OH group influences the
Mulliken charges of water molecules in its first solvation shell: only these molecules have
a positive charge, which is mainly caused by a larger positive charge on the water hydro-
gens (the oxygen is even more negative than in the bulk waters). This suggests that when
glutamic acid donates a hydrogen bond, it transfers a part of the charge on the very pos-
itive hydrogen 16 to the accepting water molecule. This water molecule shows a higher
polarisation than bulk waters in the same simulation.

Another remarkable point is that oxygens in the same carboxylate group do not always
show similar behaviour. If we look at oxygen 18 and 19, the total charge of the water
molecules in their solvation shell is almost the same, but the atomic charges vary. In QMH,
we see that the water molecules around oxygen 18 are less polarised than bulk waters, but
they are more polarised around oxygen 19. In QM-, it is exactly the other way around.
This cannot be explained by the Mulliken charges on the oxygen atoms in figure 5.2, as
they are very similar. It is most likely an effect of different solvatation, perhaps because
one of the groups is more sterically hindered than the other. Or, as the effect is opposite in
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Figure 5.4: Radial distribution functions of water around Glu oxygens in system FF-. In both
carboxylate groups, the two oxygens have the same distribution function. The solid line represents
water oxygens around oxygen 14 (and 15), the dotted line water hydrogens around this oxygen.
The dashed line shows water oxygens around oxygen 18 (and 19), the dashed-dotted lines the water
hydrogens. All radial distribution functions in this chapter are calculated over 1000 bins, presenting
the results as running averages over 10 data points to smoothen the graphs.

the two different simulations, it can be accidental: a long-lasting hydrogen bond happens
to point towards one of the oxygens, resulting in less space for possible hydrogen bond
donors pointing towards the other. If this is the case, this is an unphysical effect caused by
the short simulation times reachable with dynamical DFT simulations. Oxygens 14 and 15
also affect their first solvation shell in different ways in QM-, although less pronounced; I
cannot compare this with the QMH simulation, as the protonation of oxygen 15 has a major
influence. I will come back to this issue in section 5.3.2.

5.3.2 Structure

I compare the water structures around the Glu oxygens through the radial distribution
functions of water oxygens and hydrogens. I also count the coordination numbers of water
oxygens around the Glu oxygens, averaged over all frames. I see no finite size effects in
the structure calculations. The radial distribution functions from the small and large box
are positioned exactly on top of one another; the maximum difference in the coordination
numbers is 1% (see appendix B).

Radial distribution functions

In the FF- simulations, the structures around oxygens 14 and 15 are the same. The same
holds for oxygens 18 and 19. For this reason, I present only the oxygen 14 and 18 results
in figure 5.4. The peaks in the radial distribution function for both carboxylate groups
appear at the same distance, but are more pronounced for the side chain oxygens. For the
protonated case, oxygen 18 and 19 behave the same; their radial distribution functions are
almost equal to the FF- results. However, the structures around oxygens 14 and 15 differ
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Figure 5.5: Radial distribution functions of water around the Glu oxygens in system FFH. The
solid line represents water oxygens around oxygen 14, the dotted line water hydrogens around this
oxygen. The dashed line shows water oxygens around oxygen 15, the dashed-dotted lines the water
hydrogens. Around oxygen 18 and 19, the radial distribution functions are exactly the same as for
system FF- in figure 5.4.

considerably (from each other and from the deprotonated results), see figure 5.5. Both
first hydrogen peaks are hardly present; the oxygen peaks are less pronounced than the
oxygen peaks around oxygen 18 and 19, but still very clear. The oxygen-oxygen distance
around oxygen 15 is much smaller than around oxygen 14. This indicates a very strong
hydrogen bond between the protonated oxygen 15 - acting as a hydrogen bond donor -
and an accepting water molecule. It is likely that this strong bond disrupts the preferred
water structure around oxygen 14, resulting in a less stable water network around this
atom.
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Figure 5.6: Radial distribution functions of water around oxygen 14 (a) and oxygen 15 (b) in both
quantum simulations. The solid line shows the water oxygens and the dotted line the hydrogens in
QMH. The dashed and dashed-dotted lines respectively show the same for QM-.

For the quantum simulations, I present the radial distribution functions in a different
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Figure 5.7: Radial distribution functions around oxygens 18 and 19 in the quantum simulations.
The black lines refer to system QMH, the grey lines to system QM-. The solid lines show water
oxygens and the dotted lines water hydrogens around oxygen 18. The dashed and dashed-dotted
lines respectively show the same for oxygen 19.

format: figure 5.6(a) shows the water structure around oxygen 14 for both systems, fig-
ure 5.6(b) around oxygen 15. For both graphs, the peaks are much more pronounced in
system QM-. Around the non-protonated oxygen 14, both simulations show their first
peaks at the same distances. But for the QMH simulation, the first peaks are much lower
and the second peaks are hardly visible, while they are clearly there for the QM- system.
Apparently, the negative charge on the carboxylate group in system QM- stabilises the wa-
ter structure around it to a great extent. The graphs around oxygen 15 differ even more.
The radial distribution functions around oxygen 14 and 15 are very similar in system QM-,
although they are all slightly more prominent in the latter case. The first hydrogen peak
around oxygen 15 is completely missing in system QMH (it is there in system FFH, though
very small). This means that there are no water molecules that donate a hydrogen bond to
it; the existence of a small oxygen peak shows that the glutamic acid OH group does take
part in a hydrogen bond, but as a donor. Because it can only donate one hydrogen bond,
the surface below the peak is small. I will come back to this when I discuss the coordination
numbers in section 5.3.2.

As the radial distribution functions around oxygen 18 and 19 in the quantum simula-
tions are almost all the same, I present them in one figure, figure 5.7. For the first peaks,
both for water hydrogen and oxygen, the lines are very similar. Some dissimilarity occurs
for the second solvation shell and further.

In the final radial distribution I present here, I compare the distribution of water around
proton 16 in QMH and FFH (figure 5.8). We see that the oxygen graphs show the same first
peak, but the second peak is much clearer in the quantum simulation. The hydrogen peak
is also sharper, but somewhat smaller, in this simulation compared to the force field system.
The charge transfer of hydrogen 16 to water (see figure 5.3) enhances the polarisation of the
water molecules in its solvation shell and hence strengthens the hydrogen bonds with the
second solvation shell. Together with figure 5.6(b), that lacks a peak for hydrogen around
oxygen 15, I can conclude that the quantum oxygen 15 is chiefly a hydrogen bond donor
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Figure 5.8: Radial distribution functions around hydrogen 16. The solid line shows the water
hydrogen and the dotted line the water oxygen distribution in system QMH. The dashed and dashed-
dotted lines respectively show the same in system FFH.

Table 5.3: Oxygen-oxygen distances for all hydrogen bonds, taken from the radial distribution
functions. All values are in Å. First I give the distance at the first maximum of the distribution
function and after that between brackets the distance at the first minimum. Only in the case of
proton 16, I give an oxygen-hydrogen distance (from the water oxygen to the Glu proton).

atom QM- QMH FF- FFH
O14 2.75 (3.22) 2.78 (3.17) 2.82 (3.59) 3.19 (4.09)
O15 2.77 (3.39) 2.67 (2.95) 2.82 (3.59) 2.67 (3.14)
O18 2.73 (3.11) 2.76 (3.39) 2.83 (3.56) 2.83 (3.51)
O19 2.79 (3.44) 2.76 (3.17) 2.83 (3.56) 2.83 (3.51)
H16 – 1.68 (2.48) – 1.68 (2.37)

when protonated and hardly accepts any hydrogen bonds from water.
Table 5.3 gives an overview of the first peaks in all radial distribution functions. Over-

all, almost all hydrogen bond distances are slightly shorter in the quantum simulations.
Also, the peaks are wider in the force field simulations. This is particularly the case for
oxygen 14 in the protonated simulations. Only the donated hydrogen bond from oxygen
15 and proton 16 to water has the same length with both methods. The wide force field
peaks are in accordance with the lower polarisation shown in section 5.3.1 for the force
field, which results in weaker hydrogen bonds. This effect is corrected to a small extent by
the somewhat higher polarisation in the force field water molecules (see figure 5.3). Note
however that the y axis in figure 5.2 has a much larger scale than in figure 5.3: the polari-
sation changes in the solute are a factor 3 to 10 times larger than in the solvent. It is likely
that the newest parameter sets of the Gromos96 force field (53A5 and particularly 53A6),
will show somewhat improved results for the hydrogen bond lengths. For these parame-
ters, special attention is paid to fit hydration and solvation better, resulting in a remarkable
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improvements on the free enthalpies of solvation in water. For glutamic acid for example,
this enthalpy is only 0.2 kJ/mol off the experimental value of -27.0 kJ/mol; version 43A2
gave a value of -16.2 kJ/mol.43

Unfortunately, I cannot compare these radial distribution numbers to experiments, as
they have not been measured for water around Glu. What I can do - and I will make this
comparison later in this chapter as well - is look at what pure water simulations and exper-
iments teach us. Pure water has been studied extensively with experiments, force field and
quantum simulations; radial distribution functions are available for all three methods. The
first peak is found at a distance of 2.73 Å with two different experimental methods.105, 106

With quantum methods this distance is between 2.69 Å and 2.78 Å,106–109 for force field sim-
ulations between 2.69 Å and 2.86 Å.106, 107, 110 The simulation methods closest to mine give
2.75 to 2.78 Å for SPC water simulations106, 110 and 2.75 Å for a BOMD-BLYP simulation.109

Most of the calculated values are close to the experimental ones; force field distances are
on average somewhat more overestimated. Although the location of the peaks is predicted
quite well, in many simulations the peaks are a bit too sharp and the first minima too deep.
This overstructuring is more common in ab initio calculations than in force field tests. If I
translate this result to my simulations - although I cannot be sure that solvation around Glu
shows the same trends - I can conclude that the hydrogen bond distances are slightly better
predicted by the QM simulations and the peak shape is better fitted by the force field.

Coordination numbers

By calculating the coordination numbers, I know how many water molecules form a first
solvation shell of a Glu oxygen. For every frame of my simulations, I count the number
of water oxygens within the first solvation shell around each oxygen. For this purpose, I
use a distance criterion taken from the radial distribution functions: the minimum after the
first oxygen peak, with a maximum of 3.5 Å. To make sure that I count waters close to both
oxygens of a carboxylate group only once, I assign it to the nearest Glu oxygen. Hence the
coordination number for a certain oxygen is basically the same parameter as the number
of waters hydrogen bonding to it.

Figure 5.9 gives an overview of all average coordination numbers. Here we see that
the total number of hydrogen bonds in the quantum simulations is always about 3 lower
than in the corresponding force field simulation. The reason might be that the formation of
hydrogen bonds in the force field is only induced by the (negative) charge on the oxygens.
In the quantum simulation, the orbitals involved in the hydrogen bonding have a distinct
spatial distribution; hence, water cannot approach from any direction. Particularly, a car-
boxylate group has a resonance structure, with three lone pairs on one oxygen and two
on the other. Because the force field cannot distinguish between the two, each oxygen can
accept three hydrogen bonds. In a quantum simulation, the two states (one oxygen with a
single bond to the carbon and one with a double bond) are distinguishable. On average,
the electronic structure should be symmetric, but in a single time step it is not. I see this
in my simulations when I look at the coordination and the C-O distance in each frame: the
carboxylate oxygen with the lowest coordination number is usually the one with the short-
est C-O distance and vice versa. This shows that the oxygen with the longer single bond to
the carbon atom has more lone pairs. There is a similar pattern for the Mulliken charges on
the oxygens: the oxygen with the higher coordination number has a more negative charge.
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Figure 5.9: The coordination numbers for all systems and all Glu oxygens. The black bars give the
average coordination number around oxygen 14, the diagonally striped bars around oxygen 15, the
horizontally striped bars around oxygen 18 and the white bars around oxygen 19. The bars add up
to give the total coordination number per amino acid.

The charge difference is small however, less than 0.1 e.
The average electronic structure is not perfectly symmetrical: the bars for the QM sys-

tems in figure 5.9 do not have the same length for oxygens in the same carboxylate group,
due to the fact that the exact electronic structure depends on the surrounding water struc-
ture as well. My quantum simulations are not long enough for the water structure to switch
numerous times between a coordination number of two and three around each oxygen.

The coordination around proton 16 is not shown in this picture (as it is included in
the coordination around oxygen 15): it is 1.0 for both FFH and QMH, indicating that it
is practically always donating the one hydrogen bond it can donate. However, the total
coordination number of oxygen 15 equals 1 as well for QMH, while it is 2 in FFH. That
means that oxygen 15 is an hydrogen bond acceptor as well in the force field simulation,
but not in QMH. The protonation of oxygen 15 has more influence in QMH than in FFH,
on the coordination of both oxygen 14 and oxygen 15.

The coordination numbers around oxygens 18 and 19 in the force field simulations are
all very similar and close to 3. This was found as well by Speranskiy et al.,93 who did
stationary quantum simulations on solvated glutamate equilibrated by classical molecular
dynamics, and by Alagona et al.,111 who performed force field Monte Carlo on an acetate
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anion. In both these papers, the structure around the solute oxygens was calculated using
a force field. The other carboxylate group, with oxygens 14 and 15, behaves in the same
way in system FF-. However, for the quantum simulations the total coordination number
per carboxylate groups is much less than 6. This is understandable, as the hydrogen bonds
to the quantum oxygens are donated to five lone pairs at maximum. A coordination num-
ber of 4 per carboxylate group is already less common in the ab initio than in force field
simulations. In order to reach high coordination numbers, the water molecules need to
find a perfect position, adapting themselves to the Glu orbitals, but also to the bulk water
structure. When only the value of the charge matters, and not its spatiality - as is the case
in the force field simulations - high coordination numbers are more common.

Villa et al.98 found that the force field underestimates the free energy of hydration, as I
discussed in section 5.3.1. My results show that this is not due to the number of hydrogen
bonds: all force field simulations show an overcoordination. That means that is most likely
the strength of the bonds that is underestimated; this is in accordance with the longer
hydrogen bonds in table 5.3 and the lower polarisation in figure 5.2 for the force field solute.
This effect is only compensated to a very small extent by the (much smaller) polarisation
increase of the force field water molecules shown in figure 5.3.

Although the quantum simulations underestimate the coordination numbers compared
to the force field, they overestimate the sharpness of the radial distribution peaks, as I
showed in section 5.3.2. We should actually identify two aspects of structure: 1) the dis-
tribution of hydrogen bond lengths (peak shape in the radial distribution function) and 2)
the number of hydrogen bonds. Overstructuring of the first type is reported by ab initio
studies on pure water and my simulations show a similar behaviour for water around Glu
(see table 5.3). In contrast, I find that for the second aspect the force field simulations over-
structure, compared to the QM calculations. This result is corroborated by the pure water
results of Fernández et al.,112 who also see a larger coordination number with a force field
compared to quantum simulations. I did not find any other pure water studies in literature
that compare coordination numbers.

5.3.3 Dynamics

To compare the dynamical aspects of the hydrogen bond networks around glutamic acid
and glutamate, I look at the residence times of the hydrogen bonds. Figure 5.10 shows the
residence time of the water molecules around the oxygens of the chromophore. I defined a
water molecule to be hydrogen bonded to a chromophore oxygen when the O-O distance
was less than 3.5 Å and the O-H-O angle more than 150◦.77 When a hydrogen bond devi-
ated from this definition for less than 0.5 ps, the hydrogen bond was considered unbroken;
when it existed for less than 0.5 ps, I did not take it into account when calculating the av-
erage residence time. In the quantum simulations, some residence times are of the same
order of magnitude as the simulation times. Because I cannot say how much longer a water
molecule would have donated or accepted a hydrogen bond after stopping the simulation,
this implies that I can only provide a lower bound for the average hydrogen bond lifetime.
The statistics of the force field residence times are much better, resulting in very similar
values for oxygens in the same carboxylate group, as one would expect. In the quantum
simulations, a single long residence time can influence the average significantly. Steric ef-
fects and the orbital structure play a role in the latter simulation too, so at least part of the
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Figure 5.10: Residence times of water molecules hydrogen bonding to Glu oxygens. The horizontal
dotted line indicates the total simulation time for the quantum simulations. The black bars corre-
spond to oxygen 14, the diagonally striped bars to oxygen 15, the horizontally striped bars to oxygen
18 and the white bars to oxygen 19. When proton 16 was present, I represented the residence times
of its donated hydrogen bond with the grey version of the oxygen 15 bar (as it is included in that
residence time as well). In the QMH simulation, the residence times for oxygens 15 and proton 16
were exactly the same and therefore overlapping. In system FFH, the hydrogen bond donated by
proton 16 lived about twice as long as the average hydrogen bond involving oxygen 15.

difference is physical.
In spite of the fact that the quantum residence times might be somewhat underesti-

mated, all of them are (much) longer than their force field counterparts. Especially in the
protonated simulations, the difference is up to a factor 4. The tallest bar in figure 5.10 is
the result of one water molecule accepting a hydrogen bond from oxygen 15 and proton 16
during the complete QMH simulation. The special character of the hydrogen bond donated
by oxygen 15 is exemplified by the fact that it is accepted by the only water molecule in
the Glu solvation shell with a net positive charge (see figure 5.3). The residence time could
even be much longer than this, if I could simulate for longer times. Note however that
the statistics here are poor: the ‘average’ residence time is calculated on the basis of only
one hydrogen bond. The difference between the oxygen 15 residence times of system QM-
and FF- is smaller, but still large. In simulations of glutamate embedded in the photoac-
tive yellow protein, I saw too that the residence times of hydrogen bonds donated to Glu
were shorter in force field simulations than in QMMM simulations (see chapter 3). Then
there is issue of conformational changes: one would expect that the longer FF simulations
would show more conformational changes of Glu and hence more breaking and forming
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of hydrogen bonds. I checked this by performing a 20-ps FF simulation of glutamate. The
average residence times are almost exactly the same as in the 2-ns simulation, all between
3 and 3.5 ps. The better sampling of conformational changes in the 2-ns simulation does
not influence the lifetimes of the hydrogen bonds (see also appendix B).

When force field water molecules move from one hydrogen bond acceptor to the other
(for example from one carboxylate oxygen to the other, or from glutamate to water), they
move their positively charged hydrogen from one region of negative charge to the other.
As the charge has no directionality, the proton will be somewhat stabilised by both accep-
tors when it is exactly in the middle of the transition. A quantum water in a quantum
environment feels less electron density during the transition, as the orbital structure of the
two acceptors only stabilises the proton’s positive charge when it is pointing in the right
direction. This will make the barrier for hydrogen bond switching higher and the residence
times longer.

Both the force field and the quantum simulations show the same trend on protonation:
the residence time on oxygen 15 increases, while the hydrogen bonds donated to oxygen 14
have a shorter lifetime. Particularly in QMH I see that oxygen 15 is a very stable hydrogen
bond donor when protonated. In FFH too, the hydrogen bonds donated by oxygen 15 last
longer than the ones accepted by it. I saw this phenomena as well in the simulations of
p-coumaric acid in water in chapter 4: when the solute has an OH bond, which is more
flexible than a C=O bond, it can more easily adapt to the water structure around it and
hence, donated hydrogen bonds tend to be more stable than accepted ones. This flexibility
effect compensates for the diminished stability due to fact that glutamic acid is now neutral
and oxygens 14 and 15 are not as negative as in glutamate. For oxygen 14, only the latter
destabilising effect is present and hence it stabilises its hydrogen bonds somewhat less.

When checking for finite size effects, I found that the lifetimes of all the hydrogen bonds
in simulation FF- are a factor 1.3 too long compared to the force field simulation in the
large box. I do not expect that the size of the larger simulation box still has a substantial
effect, because the box contains more than 6 solvation shells around Glu in each direction.
Although I could not test the finite size effect for the quantum simulations, I expect that
these effects are the same for the first principles simulations. In case of QMMM simulations
of a full protein in water, this overestimation should be negligible, as the box sizes are many
times larger than the ones in this chapter. So although I can still compare the lifetimes of
the hydrogen bonds presented here, they will most likely deviate from the ‘real’ values.

In studies of pure water, I did not find measurements of ‘individual’ hydrogen
bond lifetimes. I can look, however, at the calculated self-diffusion constants. Com-
parison of ab initio simulations of pure water with experiments and force field simula-
tions103, 107–109, 112–118 has shown that self-diffusion is difficult to calculate (separate simu-
lations give results that differ up to two orders of magnitude) and often underestimated,
especially when simulated quantum chemically. Some papers107, 108 state that this dimin-
ished mobility is due to an overcoordination of water (sharper peaks in the radial distribu-
tion function). I think it is not proved that this is the only or even the most important factor.
The box sizes in these simulations were only 32 to 64 water molecules, sometimes not even
comprising two full solvation shells in a cubic box. I have shown that the box size is an
important factor, especially for dynamical properties. See appendix B for a detailed dis-
cussion of the finite size effect and an overview of measured and calculated self-diffusion
constants in pure water.
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5.4 Discussion and conclusions

When simulating the solvatation of glutamic acid and glutamate in water, it does matter
which method one uses: based on a force field (Gromos96) or on DFT. With DFT-BLYP I see
a larger variation in the strength and number of hydrogen bonds. This should be attributed
to the fact that in the DFT method the electronic distribution in the molecules can adapt to
the changing environment, giving rise to changes in polarisation, whereas in the force field
method the partial charges on the atoms are fixed. This is not only of importance for the
Glu atoms, but also for the water molecules, particularly the ones in the first solvation shell.

Force field simulations tend to overcoordinate water molecules with about three extra
hydrogen bonds per Glu molecule compared to quantum systems. Particularly the neg-
atively charged carboxylate groups in the force field systems are very strong acceptors,
accepting three hydrogen bonds per oxygen on average. In the quantum description the
resonance structure of the carboxylate group has only five lone pairs, which are not always
occupied by hydrogen bonds, as steric hindrance by the bulk water or glutamate itself does
not allow it. This substantially decreases the average coordination number.

In the case of glutamic acid, the differences are most pronounced. The protonation de-
creases the coordination number around oxygen 15 drastically to 1 in system QMH, while
it is almost 2 in FFH. The difference is similar on oxygen 14: 1.5 vs. 2.5. In the quantum
simulation, I see a transfer of positive charge from proton 16 to the nearest water molecule.
The hydrogens of this water become more positive and the oxygen more negative. This
stronger polarisation increases the lifetime of the bond significantly, up to values longer
than the simulation time, that is at least 15.6 ps. In system FFH, the residence time of the
average water molecule around oxygen 15 is only 4.4 ps. The accepting water molecule
stays longer, but only 8.6 ps on average. All the other residence times are much shorter in
the force field than in the quantum simulations too.

The structural differences between the two methods are mainly that more waters hy-
drogen bond in force field simulations. The hydrogen bonds itself are not that much differ-
ent; they are slightly longer in the force field description, but within a range of 4%. Only
one hydrogen bond differed more than that, almost 15%. The largest dissimilarity how-
ever is in the residence times. These times are always underestimated by the force field,
sometimes up to a factor 4. These results suggest that for a proper force field description
of the aqueous solvation of glutamic acid and glutamate, the force field should allow for
a varying and asymmetric charge distribution of the carboxylate group. This would ac-
commodate an asymmetric coordination of the water molecules around the Glu oxygens
as seen in the DFT-based simulations. A stronger polarisation (that is, a larger absolute
value of the partial charges) will result in shorter and stronger bonds.

Fernández et al.112 show a correlation between the self-diffusion coefficient of water
and the number of defects. This effect is present in ‘real’ and simulated water; it is not
an unphysical result of the simulation method. The overcoordination in Glu in my force
field simulations will induce more defects in the water structure than the ab initio simula-
tion does and this will make the water molecules more mobile. Although the diffusion is
coupled to the lifetime of hydrogen bonds, it is not a one-to-one relation. Hydrogen bond
switching is a more local phenomenon than self-diffusion and estimates of hydrogen bond
lifetimes from simulations are likely to be better than diffusivity predictions. To properly
estimate self-diffusion, a molecule should travel a significant distance, but in QM simula-
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tion times water molecules can barely move one Å. Summarising, we should be well aware
that we cannot draw strong conclusions on which simulation compares better to real Glu
solvated in water: the force field or the quantum simulation. My errors are most likely
less severe than in most of the pure water simulations that can be related to experiments,
because of my larger box sizes and the focus on local processes. With ab initio simulations,
one includes electron density spatiality, yielding a detailed picture of related properties
such as coordination numbers and hydrogen bond switching events. But the time scale
for changes in these properties is of the same order as the simulation times for quantum
simulations, therefore the sampling is much better in the longer force field simulations.
From the simulations presented in this chapter we can understand, and to some extent
quantify, the difference between force field and quantum simulations, in order to recognise
unphysical effects around the border of QM and MM parts in combined simulations.

In relation to the simulation of the proton transfer in the photoactive yellow protein, it
is interesting to know that the residence time changes upon protonation are much larger
for the quantum system than for the force field system. The changes in Glu are also larger
than the residence time differences upon protonation of the phenolic oxygen of p-coumaric
acid in the previous chapter. This means that deprotonation of glutamic acid has a larger
residence time decreasing effect than the opposite effect on the chromophore, and hence,
that it is likely that the hydrogen bond between the two molecules in the protein breaks
easier after the proton transfer. This indicates that a direct proton transfer from Glu to p-
coumaric acid can be a starting point for the breaking of hydrogen bonds and ultimately
unfolding of the protein. I also saw that upon deprotonation of Glu, glutamate attracts
three extra hydrogen bonds to the now negatively charged carboxylate group - indepen-
dent of the simulation method. In force field simulations of glutamate in the protein as
well, the number of hydrogen bonds increased from 1 to 4 in less than 10 ps. The need to
stabilise the negative charge on Glu makes hydrogen bond rearrangements easier. Exactly
these rearrangements are part of the process of unfolding the protein into its signalling
state.



78 Solvation of glutamate and glutamic acid in water


