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Abstract
All proteins contain residues capable of exchanging protons with their
environment. The significance of these proton transfer phenomena for protein
structure and function has been documented in a number of experimental and
theoretical studies. These studies, in principle, were using changes in pH
of a protein’s environment to induce shifts in the protonation equilibria and
explained observed changes in protein’s properties by changes in the ionization
states (i.e., formal electrical charges) of acidic or basic chemical groups of the
molecule, accompanying these shifts.

In this study, we address the problem of significance of protonation
equilibria for protein structure at a single value of pH by methods of molecular
dynamics at constant pH, applied to a heptapeptide derived from ovomucoid
third domain (OMTKY3). We show that the average molecular properties
characterizing the equilibrium distribution of the polypeptide conformations
obtained from these simulations cannot be reproduced as a linear combination of
the properties resulting from the distributions generated by molecular dynamics
simulations with fixed protonation states of the titratable residues. This means
that consideration of dynamic conformational equilibria of proteins without
taking into account explicitly the degrees of freedom resulting from proton
exchange phenomena may lead to significant artefacts.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

All proteins contain residues capable of exchanging protons with the environment [1]. These
proton transfer phenomena lead to changes in ionization states (i.e., formal electrical charges)
of acidic or basic chemical groups and constitute the principal factor determining the charge
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distribution within a protein molecule. Because of the long-range nature of electrostatic
interactions, changes in distribution of molecular charge, resulting from proton transfer
phenomena, are expected to have a significant impact on the three-dimensional structure of
the polypeptide chain. The most dramatic examples are represented by well known acidic or
alkaline denaturation of proteins.

The significance of protonation equilibria for protein structure and function has been
documented in a number of experimental and theoretical studies,mainly related to observations
of the consequences of changing the solution pH or substituting an unusable residue in protein
by a nontitratable one. Some recent interesting examples include an analysis of the pH
dependence of protein stability [2–4], triggering of the conformational change of hemagglutinin
and membrane fusion by a pH-drop in the endosome during influenza virus infection [5], and
other examples of proton-mediated conformational transitions [6–9].

Protonation equilibria are quantitatively characterized by pKa values of the titratable
groups, which are defined as the negative decimal logarithm of the proton dissociation constant.
The pKa values for titratable groups can be conveniently measured using well established
methods of NMR spectroscopy [10–12]. On the other hand, structure-based theoretical
methods for the prediction of pKas of titratable groups in proteins have been developed, the
most popular being those using the Poisson–Boltzmann model for a solute–solvent system [13–
18], and Langevin dipole models [19–21]. These and some others are discussed in several
recent reviews [22–25].

The problem of proper inclusion of protonation equilibria in biopolymers is beyond doubt
important for their simulations at the microscopic level, using for example molecular dynamics
(MD) methods [26]. The effects of pH in MD simulations have generally been treated, until
recently, in a simplified way: depending on the selected pH and assumed values of ionization
constants, either the protonated or unprotonated state of each titratable group was selected and
used for the whole simulation. The most realistic inclusion of solute–solvent proton exchange
phenomena into MD requires that titratable groups of the solute molecule and some number
of surrounding aqueous solvent molecules are described at the quantum mechanical level.
The number of water molecules which need to be included can be extremely large, e.g. if the
concentration of the hydrogen ions must be appropriate for the physiological pH values,and this
would make corresponding computer simulations impossible to perform at present. Problems
of the size can be overcome when calculations of pKa values, using quantum mechanical
treatments of the solute electronic structure, are combined with a dielectric continuum model
for the solvent [27, 28]. Such an approach has also been applied for proteins [29, 30].

During the last few years several constant-pH MD algorithms have been proposed. In
some of these algorithms the protonation state was treated as a parameter that describes a
continuous change from protonation to deprotonation [31–34], but the majority of the recent
work involves discrete protonation states. Bürgi et al [35] described an algorithm which
combines molecular dynamics with given protonation states of the residues, evaluation of
the free energy change accompanying a protonation or deprotonation of a sample residue by
thermodynamic integration methods, and Monte Carlo steps for acceptance or rejection of the
resulting new states. Baptista et al [36] described an explicit solvent molecular dynamics
approach combined with the Poisson–Boltzmann model for the evaluation of protonation
probabilities. Mongan et al [37] proposed a model using a generalized Born (GB) implicit
solvation MD algorithm with periodic Monte Carlo sampling of protonation states based on GB-
derived energies. Our group initially used constant dielectric Langevin dynamics combined
with PB electrostatics [38], and recently switched to implicit solvent MD methods [39, 40].

Current MD algorithms for simulations at constant pH are still in their developmental state
and there are many conceptual and/or technical problems to be solved. One may ask if the
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Figure 1. Outline of the MD simulation procedure at constant pH.

problem of proton exchange by titratable groups of the polymer can be successfully treated by
running traditional, physically sound, MD simulations for different, most probable protonation
patterns of the whole molecule and averaging the results with appropriate weights. A positive
answer to this question would significantly simplify the modelling of pH-dependent properties
of molecules.

This study presents a consideration of this problem based on an application of a constant-
pH molecular dynamics algorithm developed by our group [39, 40] to the analysis of coupling
between conformational and protonation equilibria in a heptapeptide, acetyl-Ser–Asp–Asn–
Lys–Thr–Tyr-Gly-amide, derived from turkey ovomucoid third domain, OMTKY3 (residues
26-32) [41]. We show that the averaging of results of traditional MD simulations with fixed
protonation states is rather not to be expected to correctly predict results of constant-pH MD
simulations.

2. Methods

2.1. Constant-pH molecular dynamics

A detailed description of our algorithm for constant-pH MD has been presented
elsewhere [39, 40], hence only a brief description is given here. The basic idea behind our
approach is outlined in figure 1. According to figure 1, the whole constant-pH trajectory is
divided into a set of sub-trajectories. Those sub-trajectories generated with standard constant
temperature molecular dynamics protocol cover a predefined period of time (one picosecond
in the present case). The last structure from the finished sub-trajectory undergoes titration.
The protonation fractions and the most probable protonation patterns for the titratable residues
are evaluated based on the free energies of the states, at a given pH, using a Monte Carlo
procedure [40, 42], the protonation state of the molecule is eventually changed (by explicit
proton addition or removal), and a new sub-trajectory is started. The whole procedure is
repeated until the constant-pH trajectory covers a desired length of time.
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Figure 2. Structure of the heptapeptide, acetyl-Ser–Asp–Asn–Lys–Thr–Tyr–Gly-amide (residues
26-32 of turkey ovomucoid third domain, OMTKY3). (The drawing was done with program
VMD [46].)

The above algorithm was applied to a short peptide derived from ovomucoid third domain
(OMTKY3), acetyl-Ser–Asp–Asn–Lys–Thr–Tyr–Gly-amide (residues 26-32 of OMTKY3)
shown in figure 2, investigated already in a previous study [39]. There are three titratable
residues in this molecule—Asp 2, Lys 4, and Tyr 6. The new simulations, discussed in
the present work, were focused on elucidation of the coupling between conformational and
protonation equilibria in this molecule. The constant-pH MD simulations described here were
performed for pH values of 3, 4, 5, and 6, for two forms of Lys 4 residue—one usual with its
side group free to exchange protons with the environment, and the other with the side group
neutralized by acetylation. For the pH values selected in this study, normal Lys 4 residue, and
Tyr 6 residue should remain protonated, so their protonation states were fixed. Therefore, only
Asp 2 residue was allowed to change protonation state during the constant-pH MD simulations.
As the result, we consider three systems: heptapeptide with protonable Asp 2, heptapeptide
with protonated Asp 2 and heptapeptide with deprotonated Asp 2. The second and the third
system can be treated as two limiting cases of the first one (they correspond to extremely
low and high values of pH). The main purpose of this work is to answer the question if the
properties of the first system can be represented as a linear combination of the properties of
the second and the third system. Based on our results we conclude that in general this is not
possible.

2.2. Simulations details

For the generation of ensembles of the heptapeptide structures with fixed protonation states,
we performed molecular dynamics simulations for both variants (normal and acetylated lysine
residue) of the heptapeptide for two fixed protonation states of the Asp 2 side chain (protonated
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and deprotonated). Those simulations resulted in four trajectories of 5 ns length each. From
each of these trajectories 1000 structures, equally spaced in time, were recorded.

The procedure described above gave us two ensembles of 2000 structures each,
corresponding to two variants of the Lys residue. We used 80 structures from each of those
ensembles as a starting point for generation of constant-pH trajectories,generating 80 constant-
pH trajectories, each of 50 ps length, for both variants of the lysine residue, at three pH values.
The first half of each trajectory was rejected to assure that generated structures are independent
of the initial one and last 25 structures equally spaced in time were saved for further analysis.
As a result we constructed an ensemble of 2000 structures for each variant of the studied
heptapeptide for each value of pH of interest, covering the total time of 2 ns. Because we
used many different starting points, the sampling efficiency of these 2 ns is expected to be
satisfactory.

As mentioned already above, an attempt of possible change of protonation state of
the simulated heptapeptide was done every 1 ps. In the constant-pH molecular dynamics
simulations referenced above this ‘sampling’ time was in the range 0.1–30 ps. Moreover, in
some studies it was shown that ‘sampling’ times between 0.2 and 5 ps lead to reasonably similar
results [36, 39, 40]. On the other hand, based on MD simulations of proton transport with
quantum mechanically derived proton hopping rates, the proton transfer rates were estimated
at about 0.5 ps−1 [43].

The constant-pH MD simulations presented in this work are quite time consuming.
Collection of all the results took about three months of almost continuous work on two PC
workstations each with an AMD Athlon XP 3200+ processor. However, it seems that the length
of the simulated trajectories is sufficient to justify the conclusions described below. Ultrafast
spectroscopy methods revealed sub-nanosecond conformational dynamics of a Phe–Gly–
Asp–Cys–Thr–Ala–Cys–Ala peptide, backbone-cyclized with (4-aminophenyl)-azobenzoic
acid [44], and molecular dynamics studies of the reversible folding/unfolding of short Ala
and Gly-based peptides indicated that the formation of a first alpha-helical turn occurs within
0.1–1 ns [45].

2.3. Analysis of molecular dynamics trajectories

Based on the structures recorded from molecular dynamics trajectories at constant pH, we
collected predicted protonation probabilities of the Asp 2 side group and distances between
atom CG of Asp 2 and atom NZ of Lys 4 (the atom names are taken as they appear in the
Protein Data Bank structural files). Both these quantities constitute two of many possible
characteristics of conformational preferences of the heptapeptide chain. We present them in
a form of distributions. In the results section we compare these distributions obtained from
constant-pH MD simulations with those obtained from MD simulations with fixed protonation
state of Asp 2 residue of the heptapeptide. We perform this comparison for both forms of Lys 4
residue: the normal one—permanently charged, and the acetylated one—permanently neutral.

3. Results

3.1. Distributions of protonation fractions of Asp 2 side group

Figure 3 presents distributions of the protonation fractions of the Asp 2 side group obtained
from constant-pH MD simulations at selected pH values. Because these protonation fractions
depend on the molecular environment of the titratable groups, they are undoubtedly related to
the conformational preferences of the polypeptide chain. It can be seen that both distributions
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Figure 3. Distribution of protonation fractions of the Asp 2 side group for normal (left-hand side)
and acetylated (right-hand side) Lys 4 residue, for selected pH values, obtained from constant-pH
MD simulations.
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Figure 4. Distribution of protonation fractions of the Asp 2 side group from constant pH and
from fixed protonation states MD simulations. Left: normal Lys 4 simulations, pH = 4. Right:
acetylated Lys 4 simulations, pH = 5.

change their position from a high proton occupancy to a low proton occupancy with an
increase in the pH value, and that for the peptide with normal Lys 4 residue this transition
occurs approximately at pH values that are higher by 1 unit. Subsequently, figure 4 presents
a comparison between distributions of the protonation fractions of the Asp 2 side group
obtained at pH 4, for normal Lys 4, and pH 5, for acetylated Lys 4, and the corresponding
distributions obtained from MD simulations with fixed protonation states of Asp 2, either
permanently protonated or permanently deprotonated. It should be noted at this point, that
although the ensemble of structures was generated with fixed protonation states of Asp 2,
the probability of protonation is still a function of the pH. The fixed protonation state MD
simulations lead to structures with a variety of protonation probabilities of the residues because
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Figure 5. Distribution of protonation fractions of the Asp 2 side group obtained from constant-pH
simulations (black solid curve) compared with the closest, regarding the sum of squared deviations,
linear combination of distributions obtained from MD simulations with fixed protonation states
(grey contour filled as a polygon). Left: normal Lys 4 simulations, pH = 4. Right: acetylated Lys
4 simulations, pH = 5.

of thermal fluctuations in the structures, which need not necessarily always be consistent with
the imposed protonation states. It can be seen that distributions obtained from constant-pH
MD simulations extend beyond areas covered by distributions obtained from MD simulations
with fixed protonation states of the residues. Therefore, the distribution obtained from
constant-pH MD simulation is not an intermediate distribution between two limiting cases,
one with protonated Asp and the other with deprotonated Asp. Figure 5 presents a comparison
between the distribution computed as the best linear combination, regarding the sum of squared
deviations, of the two limiting distributions obtained with the fixed protonation states, and the
distribution obtained from constant-pH MD simulation. We must conclude that the probability
distribution of the heptapeptide structures in the conformational phase space available for the
molecule cannot be reproduced if we know the probability distributions for the two limiting
cases.

In order to see if this conclusion is not limited to the case of protonation fractions as
a particular ‘mirror’ of conformational preferences of the polypeptide chain, in the next
subsection we perform a similar analysis for another quantity related to these preferences.

3.2. Distributions of Asp–Lys distances

Another property reflecting conformational preferences of the heptapeptide chain is the distance
between atom CG of the Asp 2 residue and atom NZ of the Lys 4 residue. This choice seems to
be obvious, as in the case of the peptide with normal Lys residue one can expect an influence of
Asp and Lys side chain interactions (in charged states) on simulated structures. Moreover, the
distances represent a different kind of characteristic, as those generated for fixed protonation
states of Asp 2 are pH independent. Figure 6 presents distributions of the Asp–Lys distances
obtained at several pH values from constant pH trajectories, as well as those from the fixed state
simulations. Generally, it can be seen that in both discussed cases (normal and acetylated Lys
4) the average Asp–Lys distances are shifted towards smaller values for distributions obtained
from constant-pH simulations. As in the previous subsection, figure 7 shows that the results
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Figure 6. Distribution of distances between atom CG of Asp 2 and atom NZ of Lys 4, for normal
(left-hand side) and acetylated (right-hand side) Lys 4 residue simulations, obtained from constant-
pH MD simulations, for selected pH values, and for simulations with fixed protonation state of Asp
2 residue, as marked on the figure. The black triangles indicate average values of the presented
distributions.
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Figure 7. Distribution of distances between atom CG of Asp 2 and atom NZ of Lys 4, for normal
(left-hand side) and acetylated (right-hand side) Lys 4 residue obtained from simulations at several
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of distributions obtained from simulations with a fixed protonation state of Asp 2 residue (grey
contour filled as a polygon, the same for all three values of pH used in constant-pH MD, for each
of the Lys 4 type).
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obtained by constant-pH simulations cannot be reproduced by taking linear combinations of
distributions obtained from simulations with the permanently charged or permanently neutral
side chain of Asp 2. This is further evidence that justifies our conclusions.

4. Conclusions

The results obtained in this study, although our simulations were devoted to a relatively
small polypeptide chain, indicate that molecular dynamics simulations of proteins with fixed
protonation states of their titratable residues, even if they are done for a representative
set of protonation patterns of the molecule, may lead to physically meaningless results.
This is expected when the rate constants characterizing the process of proton exchange by
titratable residues with the environment are comparable to the rate constants characterizing
conformational dynamics. This condition can be easily satisfied by some of titratable residues
in real proteins, at least at certain solution conditions. This supports the significance of
efforts to develop physically realistic molecular dynamics algorithms for simulations including
protonation degrees of freedom.
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