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Abstract: Ionizable residues play important roles in protein structure and activity, and proton binding is a
valuable reporter of electrostatic interactions in these systems. We use molecular dynamics free energy
simulations (MDFE) to compute proton pKa shifts, relative to a model compound in solution, for three
aspartate side chains in two proteins. Simulations with explicit solvent and with an implicit, dielectric
continuum solvent are reported. The implicit solvent simulations use the generalized Born (GB) model,
which provides an approximate, analytical solution to Poisson’s equation. With explicit solvent, the direction
of the pKa shifts is correct in all three cases with one force field (AMBER) and in two out of three cases
with another (CHARMM). For two aspartates, the dielectric response to ionization is found to be linear,
even though the separate protein and solvent responses can be nonlinear. For thioredoxin Asp26,
nonlinearity arises from the presence of two substates that correspond to the two possible orientations of
the protonated carboxylate. For this side chain, which is partly buried and has a large pKa upshift, very
long simulations are needed to correctly sample several slow degrees of freedom that reorganize in response
to the ionization. Thus, nearby Lys57 rotates to form a salt bridge and becomes buried, while three waters
intercalate along the opposite edge of Asp26. Such strong and anisotropic reorganization is very difficult
to predict with Poisson-Boltzmann methods that only consider electrostatic interactions and employ a
single protein structure. In contrast, MDFE with a GB dielectric continuum solvent, used for the first time
for pKa calculations, can describe protein reorganization accurately and gives encouraging agreement with
experiment and with the explicit solvent simulations.

1. Introduction

The pH-dependent properties of proteins are of great impor-
tance for their structure and function.1-4 Ionizable residues play
key roles in such fundamental processes as protein folding,
substrate binding, enzyme reactions, and redox behavior. Also,
since proton binding is strongly influenced by electrostatic
interactions with the protein and the surrounding solvent, pKa

measurements provide a valuable probe of protein electrostatics.
Among the first applications of protein engineering were
measurements of pKa shifts and redox potential shifts associated
with point mutations.5,6 It was found that the electrostatic

coupling between protein side chains depends not only on their
distance, but also on their location in the protein and their
proximity to solvent. Theoretical calculations, performed before
protein engineering was possible, had already shown that such
behavior was consistent with a simple continuum dielectric
model.7 The effect of protein-ligand and protein-protein
binding on titration reactions has also been studied. The
assembly of certain viruses is a striking example, where the
ambient pH controls the overall process, because protons are
bound by pairs of side chains belonging to adjacent coat protein
subunits.8 Conformational changes, such as partial or complete
protein unfolding, can also lead to proton binding or release,
providing the basis for the pH-dependence of protein stability.3

The effects mentioned above arise because proton binding
depends sensitively on the environment of the titrating group.
Three main, competing contributions are at work: the partial
desolvation of the titrating residue in the protein environment,
its interactions with charged and polar protein groups, and the
ability of these groups to reorganize when the protonation state
changes. Thus, ionizable residues buried in the interior of
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proteins can have substantial pKa shifts compared to the isolated
amino acid in solution. This is due to the less polar environment
in most of the protein core, which, except for specific regions,9

does not provide strong favorable interactions with the titrating
amino acid in its ionized state. In a continuum dielectric picture,
the protein core would be viewed as a low-dielectric medium,
which is unfavorable for introducing a net charge.7,10,11On the
other hand, polar or positively charged protein groups nearby
could favor the unprotonated state of a carboxylate group, for
example, and hence downshift its pKa value. Such polar or
charged groups are common in functional regions such as
enzyme active sites.9,12,13

A more subtle effect is that of protein reorganization when
the protonation state changes. For ionizable side chains that
extend into solvent, this effect is small compared to reorganiza-
tion of the solvent. But in functionally interesting regions, there
are often ionizable side chains that are partly buried,12,13so that
the protein response to their ionization is important. This
reorganization is a microdielectric effect,2,14,15which can take
the form of small reorientations of polar groups, similar to what
would be seen in a simple dielectric medium. In other cases,
ionization can also lead to an abrupt conformational switching,
such as the making or breaking of a salt bridge.16 An example
is given by Asp26 in thioredoxin, below.

Although the above effects are essential, one should keep in
mind that in general, proton binding is also affected by
nonelectrostatic interactions. For example, the amount of water
nearby, the extent of burial, and the flexibility of polar side
chains around a titrating residue all depend on a balance of
interactions, including van der Waals and hydrophobic inter-
actions. Examples are seen in the systems studied below.

In this work, we use theoretical methods to compute the
contributions of solvent, protein, and their reorganization to three
carboxylate pKa’s in two proteins. Asp26 in thioredoxin, with
a pKa of 7.5,17 has one of the largest upward pKa shifts among
protein carboxylates.18 Asp20 in thioredoxin has an unshifted
pKa of 4.18 Asp14 in ribonuclease A, with a pKa of 2, has one
of the lower carboxylate pKa’s.18,19Each of these residues titrates
approximately independently of surrounding ionizable groups,

in the sense that the ionization state of the other groups can be
assumed fixed while the residue of interest binds a proton at a
pH close to its pKa. This simplifies the computational problem
considerably. The possibility of multiple sites titrating in a
concerted way, while important for other problems,20 will not
be considered here.

Several theoretical approaches are available for pKa predic-
tion. One popular approach is based on solving the linearized
Poisson-Boltzmann equation (PB), using a purely electrostatic,
continuum dielectric model for both protein and solvent.10,21-24

These calculations are often based on just one conformation of
the protein; e.g., the Xray structure. They do not explicitly
account for the structural changes of the protein when the
titrating proton binds. Rather, the structural relaxation of the
protein (and the solvent) is modeled implicitly, as a rearrange-
ment of polarization charge, governed by the protein and solvent
dielectric constants.4,25 This model works well for simple
cases: e.g., solvent-exposed titrating groups with little or no
pKa shift; titrating groups in a rigid environment allowing little
or no protein reorganization. But it has been shown to fail in
several more complicated and interesting cases.26,27 Some of
the difficulties involved have been discussed in detail in the
recent literature.15,27-30

Because a pKa is the free energy to deprotonate a titratable
site, the most fundamental way to calculate it is by molecular
dynamics free energy simulations (MDFE).31-33 Indeed, the first
application of free energy simulations to a protein was a pKa

calculation.31 MD simulations provide a detailed description,
both of the protein and solvent structure and of their relaxation
in response to the titrating charge, including electrostatic and
nonelectrostatic effects. However, few studies have employed
MDFE. Rather, the emphasis in the literature has been on
simplified, PB or Langevin dipole models.34,35An intermediate
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approach employed MD with explicit solvent to sample
conformations of the ionized and neutral states, along with a
simplified model to evaluate their energetics.28 The present study
therefore remains one of the few attempts to calculate pKa shifts
in proteins with MD free energy simulation methods. Compared
to the pioneering early studies of Warshel and co-workers,31,36

it benefits from more recent force fields, orders of magnitude
more computer power (which turns out to be important) and,
consequently, larger simulation models, along with Particle
Mesh Ewald electrostatic treatments.37,38 We focus on three
aspartic acids, two of which are especially difficult cases, since
they have highly perturbed pKa’s compared to the free amino
acid in solution. Good agreement is found overall for the
existence and direction of the pKa shifts, although the quantita-
tive agreement is not perfect.

More sophisticated PB methods also exist, which include
protein relaxation explicitly;39-48 see refs 4 and 25 for recent
reviews. One such method is used here, and compared to the
explicit solvent calculations. Unlike the ‘standard’ PB continuum
approaches discussed above, we take an approach where the
protein flexibility and dielectric relaxation are treated explicitly,
by molecular dynamics simulation, whereas the solvent is
modeled as a dielectric continuum. The method is made efficient
by using the generalized Born (GB) model,25,46,47 where the
numerical solution of the Poisson equation is replaced by an
approximate analytical solution. While most continuum dielec-
tric pKa calculations have at least one adjustable parameter (the
protein dielectric constant), this approach does not. It is 1-2
orders of magnitude more efficient than MDFE with explicit
solvent. This work and another recent study49 represent the first
application of the GB model to protein pKa calculations. The
results turn out to be qualitatively correct, in very good

agreement with the explicit solvent results, although again, the
detailed agreement with experiment is not perfect.

In addition to the main issues described above, our calcula-
tions allow us to address several secondary, technical questions
that are nevertheless of significant interest. We directly compare
simulations with two widely used protein force fields (AMBER
and CHARMM), and we compare two variants of the GB
model.50-52

2. Methods

2.1 Calculating pKa Shifts from Free Energies.The method used
here was first proposed by Warshel and co-workers.31 It is suitable for
calculating pKa shifts; i.e., the pKa difference between an ionizable group
in a protein (such as an Asp side chain) and the same group in solution
(aspartate). We therefore consider the two proton binding reactions
shown in Figure 1. The equilibrium constantKa for either reaction is
related to the standard reaction free energy∆G by

Therefore

and

where pKa,prot and pKa,model are the pKa’s, respectively, of the titrating
group in the protein and the reference molecule in solution, and∆∆G
) ∆Gprot - ∆Gmodel is the double free energy difference for the
thermodynamic cycle in Figure 1.

2.2 Classical Mechanical Model of Proton Binding.We adopt a
simplified description of the proton binding reaction,31 consistent with
the molecular mechanics model employed here (and in most bio-
molecular simulation studies). The proton, like the other atoms in the
system, is treated as a classical mechanical particle, bearing a partial
charge, and interacting with the other atoms through Coulombic terms,
stereochemical terms, and possibly van der Waals terms (although the
force fields used here do not actually assign van der Waals interactions
to the aspartate side chain proton). Proton binding is then described as
the introduction of a new particle into the molecular mechanics model.
Most pKa calculations based on a simple continuum dielectric model
have modeled the proton binding by a rearrangement of partial charges
on the ‘heavy’ (non-hydrogen) atoms of the titrating side chains.3,21
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Figure 1. Thermodynamic cycle to analyze pKa shifts. The upper leg
represents proton binding to an Asp side chain in a protein. The lower leg
represents proton binding to a model compound in solution (aspartate with
neutral blocking groups; Figure 2). The double free energy difference
between the two legs is∆∆G ) ∆Gprot - ∆Gmodel.

∆G ) - kT log Ka (1)

pKa ) -log10 Ka ) 1
2.303kT

∆G (2)

pKa,prot) pKa,model+
1

2.303kT
∆∆G, (3)
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The model used here is more general, and should be more accurate,
since the proton is explicitly represented.

The two force fields employed (AMBER/parm9453 and
CHARMM2254) use fixed partial charges; ie, electronic polarizability
is treated in a simple, mean field way. Explicit electronic polarizability
could be included, either at a classical mechanical level, through a
polarizable force field,55 or quantum mechanically, through a so-called
QM/MM model56 or a valence bond model.36 It would also be
straightforward to treat the nuclear degrees of freedom of the proton
quantum mechanically, using the Feynmann path integral representation,
adapted for molecular simulations by Chandler and Wolynes.57

However, for pKa shifts, the simple, classical mechanical description
used here (and in most previous work) is a reasonable compromise
between accuracy and efficiency.

As a model compound (lower leg of the cycle in Figure 1), we used
aspartic acid withN-acetyl andN-methylamide blocking groups (Figure
2). Its pKa value is equal to 4.0.58 The charge distributions in the
protonated and ionized states are shown in Figure 2, for both the
AMBER and CHARMM force fields. In both force fields, the change
of charge is localized on the carboxylate group, along with the CB
atom in the CHARMM case.

2.3 Molecular Dynamics Free Energy Simulations.In a free energy
simulation, one gradually transforms the system of interest from an
initial state A (protonated Asp) to a final state B (ionized Asp), by
modifying the energy functionU.33 The simplest scheme is to makeU
a linear function of a progress variable, or ‘coupling parameter’λ

whereUA andUB are the energy functions corresponding to the initial
and final states. Varyingλ from zero to one takes us from A to B; the

intermediate values 0< λ < 1 correspond to a hybrid system that is a
mixture of A and B. In both the NVT and NPT ensembles, the free
energy derivative with respect toλ has the form

where the brackets represent an ensemble average in the ensemble
corresponding toU(λ); δqi is the charge increment of atomi going
from the reactant to the product state;Vi is the electrostatic potential
on atomi, and the sum on the right is over the atoms that carry the
new charge (the Asp carboxylate group; see Figure 2). Borrowing the
language of electron transfer theory, the quantity that is averaged,UB

- UA, is referred to as the energy gap.59 It represents the energy to
perform a virtual ionization reaction with the system frozen in its
instantaneous conformation.

Performing simulations for a series of values ofλ between zero and
one, one can then obtain the free energy change∆G by numerical
integration of∂G/∂λ. This procedure is referred to as ‘thermodynamic
integration’ (TI). In the CHARMM free energy simulations, it is actually
the carboxylate charges that are transformed linearly, instead of the
energy function itself. This leads to an additional, quadratic term in
the free energy derivative (not shown in eq 5). This term is essentially
constant and identical for the protein and the model compound (see
ref 4 for details), and can therefore be ignored here. Ewald ‘self’ terms,60

due to coupling between the charge increments in neighboring periodic
cells, can be ignored for the same reason.61

A different numerical route to the free energy change∆G is to sum
the free energy increments∆Gi between successive values ofλ

where the first value ofλ is λ0 ) 0; the last isλn ) 1, and the brackets
represent an ensemble average with the energy functionU(λi). This
procedure is referred to as ‘thermodynamic perturbation’ (TP).

2.4 Starting Structures. The first reaction studied was the proto-
nation of Asp26 of the oxidized form of thioredoxin fromEscherichia
coli, which has an experimental pKa of 7.5 and titrates approximately
independently of other ionizable groups.27 To calculate the standard
reaction free energy, the free energy simulation is performed in
conditions that mimic a pH of 7.5. The initial structure was a 1.68 Å
resolution X-ray structure (PDB code 2TRX) determined at pH) 4.1.62

The unique histidine (His6) was doubly protonated. This residue is
solvent-exposed, 10 Å away from Asp26, so that its protonation state
is not expected to affect Asp26 strongly. All other titratable residues
besides Asp26 were assigned their most common ionization state at
pH 7.5. Except for Asp26, the ionization state of all residues was
assumed constant throughout the free energy simulations.

The second ionizable residue studied was Asp20 of thioredoxin. Its
pKa is not known exactly, but can be inferred from Asp20 in the highly
homologous human thioredoxin, which has a ‘normal’ pKa of 4.0.18 In
this case, the free energy simulation was performed with Asp26
protonated and His6 doubly protonated. This should be representative
of the protein’s state at pH 4. Since all other carboxylate groups (besides
Asp26) are rather distant from Asp20, their exact ionization state should
not affect the Asp20 proton binding. They were assumed ionized
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Figure 2. Schematic view of the model compound (2N-acetyl-1N-methyl-
aspartic acid-1-amide), showing the partial charges in the protonated state
(above) and the ionized state (below). Left panel: CHARMM values; right
panel: AMBER values (only shown for atoms that change between the
two states).

U(λ) ) (1 - λ)UA + λUB (4)

∂G/∂λ (λ) ) 〈∂U

∂λ〉
λ

) 〈UB - UA〉λ ) ∑
i

δqi〈Vi〉λ (5)

∆G ) ∑
i)0

n-1

∆Gi ) - kT∑
i)0

n-1

log〈exp(-
U(λi+1) - U(λi)

kT )〉
i

(6)
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throughout the CHARMM simulations and protonated throughout the
AMBER simulations.

The third reaction studied was the protonation of Asp14 of human
pancreatic ribonuclease A (RNase A), whose experimental pKa is 2.0.
The initial structure was the 1.05 Å X-ray structure, determined at pH
5.2 (PDB code 1KF2). This structure is very similar to structures
determined at a near-neutral pH (PDB codes 1KF4, 1KF5). The four
histidines were doubly protonated. Despite the low pKa, most of the
simulations were done with all carboxylate groups other than Asp14
in their ionized state. Since they are all solvent exposed and rather far
from Asp14, this should not have a large effect on the calculated Asp14
pKa. GB simulations were performed with them either protonated or
deprotonated (see below); the results are indeed similar.

2.5 Explicit Solvent Simulation Setup.Two sets of free energy
simulations were performed with explicit solvent. First, all three pKa’s
were calculated with the AMBER program,63 using the AMBER/parm94
force field53 and the TIP3P water model.64 Periodic boundary conditions
were used, with an octahedral unit cell. The cell volume was determined
by 160-300 ps equilibration runs under NPT conditions, with a
temperature of 298 K. After that, simulations were continued in the
NVE ensemble. Long-range electrostatic interactions were treated by
the Particle Mesh Ewald method (PME).38 Covalent bonds to hydrogens
were constrained with SHAKE;65 the time step was 1 fs. For the
thioredoxin runs, the octahedral cell had a volume of about 181 000
Å3, and contained 4757 waters and four Na+ ions (Asp26 runs) or 4753
waters and three Na+ ions (Asp20 runs). For the ribonuclease A runs,
the volume was 267 923 Å3, with 7324 waters and nine Cl- ions. Run
lengths are indicated in the Results section.

All three pKa’s were also calculated with the CHARMM program,66

using the CHARMM/parm22 force field.54 The periodic cell was cubic.
Temperature and pressure were maintained at 295 K and 1 atm by a
Nosé-Hoover thermostat and barostat.67,68For thioredoxin, the unit cell
edge was about 59 Å; the cell included 6379 waters and three Na+

ions. For RNase A, the cell edge was about 67 Å; it included 9422
waters and nine Cl- ions. The first 100-140 ps of dynamics included
weak harmonic restraints toward the crystal structure, which were
gradually removed. Other conditions were the same as for the AMBER
runs. The model compound was simulated in the same conditions, with
a box of the same size.

2.6 Generalized Born Continuum Solvent Model.The PME
simulation models described above treat all of the solvent explicitly.
This is the most accurate approach, but also the most expensive. A
more approximate route is to treat all the solvent as a dielectric
continuum. This is the basis of the Generalized Born (GB) ap-
proach,25,46,47summarized below.

The electrostatic interaction between two chargesi, j includes both
a direct, Coulomb term and a contribution from the solvent, polarized
by the solute charges. Treating the solvent as a linear, homogeneous,
dielectric medium, the total electrostatic energy has the form

where the sums are over all pairs of protein charges. The termgij in
the second sum is a Green’s function, representing the interaction

between a protein chargeqi and the solvent polarization induced by
another charge,qj. In the generalized Born model,46 this term is
approximated by

where rij ) | ri - rj|, τ ) 1/εw - 1, εw is the solvent dielectric
constant (80 at room temperature), andbi, bj are effective ‘solvation
radii’ of the chargesi, j. The interaction termgij depends explicitly on
the atomic positionsri, rj, and implicitly on all the other atomic
positions, through the solvation radii. Indeed, the solvation radiusbi is
determined by the ‘self’ energyEi

self of chargei

Ei
self is the interaction energy betweenqi and the polarization it creates

in the solvent. In practice,bi is roughly equal to the shortest distance
betweenqi and the protein surface. In the GB model, it is approximated
by a simple, analytical function of the positions of all the solute atoms
(including those that have a zero partial charge):bi ) bi(r1, r2,..., rN).
Different GB variants use different functional forms. In most variants,
including the ones considered here, the self-energy takes the form of
a pairwise sum over atoms

2.7 Free Energy Simulations with the GB Model.We have done
calculations using two variants of the GB model. The GB/ACE variant
was developed by Schaefer and Karplus,51 and first used for protein
MD simulations by Calimet et al.69 The GB/OBC variant was developed
by Onufriev, Bashford and Case,50,70starting from a self-energy model
by Ponder, Truhlar, and co-workers.71,72 These variants contain es-
sentially the same physics, but use somewhat different numerical
techniques. The details of the self-energy approximation with each
variant are given in the original papers.51,71

Free energy simulations were performed to obtain the pKa estimates.
The appropriate charges were made to vary with the coupling parameter
λ, and the standard free energy change∆G was obtained by TI or TP,
as above. The simulations were started from the crystal structure.
Harmonic restraints were used during equilibration and gradually
released. The temperature was controlled by a weak velocity coupling73

in the GB/OBC runs (done with AMBER), or by a Langevin dynamics
method in the GB/ACE runs (done with CHARMM). Theλ values
employed were 0, 0.5 and 1 with CHARMM, and 0, 0.1127, 0.5,
0.88729, and 1 with AMBER. With CHARMM, 5 ns were run for
eachλ value; with AMBER, 3 ns were run, giving the same total amount
of MD. The GB/ACE simulations (with CHARMM) employed the
param19 force field,66 which treats aliphatic hydrogens implicitly,

(62) Katti, S.; Lemaster, D.; Eklund, H. Crystal structure of thioredoxin from
Escherichia coliat 1.68 å resolution.J. Mol. Biol. 1990, 212, 167.

(63) Case, D.; Pearlman, D.; Caldwell, J., III, T. C.; Ross, W.; Simmerling, C.;
Darden, T.; Merz, K.; Stanton, R.; Cheng, A.; Vincent, J.; Crowley, M.;
Tsui, V.; Radmer, R.; Duan, Y.; Pitera, J.; Massova, I.; Seibel, G.; Singh,
U.; Weiner, P.; Kollman, P.AMBER 6; University of California, San
Francisco, 1999.

(64) Jorgensen, W.; Chandrasekar, J.; Madura, J.; Impey, R.; Klein, M.
Comparison of simple potential functions for simulating liquid water.J.
Chem. Phys.1983, 79, 926-935.

(65) Ryckaert, J.; Ciccotti, G.; Berendsen, H. Numerical integration of the
Cartesian equations of motion for a system with constraints: molecular
dynamics ofn-alkanes.J. Comput. Phys.1977, 23, 327-341.

(66) Brooks, B.; Bruccoleri, R.; Olafson, B.; States, D.; Swaminathan, S.;
Karplus, M. Charmm: a program for macromolecular energy, minimization,
and molecular dynamics calculations.J. Comput. Chem.1983, 4, 187-
217.

(67) Nose, S. A unified formulation of the constant temperature molecular
dynamics method.J. Chem. Phys.1984, 81, 511-519.

(68) Hoover, W. Canonical dynamics: equilibrium phase-space distributions.
Phys. ReV. A 1985, 31, 1695-1697.

(69) Calimet, N.; Schaefer, M.; Simonson, T. Protein molecular dynamics with
the Generalized Born/ACE solvent model.Proteins2001, 45, 144-158.

(70) Onufriev, A.; Bashford, D.; Case, D. Exploring protein native states and
large-scale conformational changes with a modified generalized Born model.
Proteins2004, in press.

(71) Hawkins, G.; Cramer, C.; Truhlar, D. Pairwise descreening of solute charges
from a dielectric medium.Chem. Phys. Lett.1995, 246, 122-129.

(72) Ponder, J.Tinker; Washington University School of Medicine, 2000.
(73) Berendsen, H.; Postma, J.; van Gunsteren, W.; DiNola, A.; Haak, J.

Molecular dynamics with coupling to an external bath.J. Chem. Phys.1984,
811, 3684-3690.
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instead of the all-hyrogen param22 force field used for the explicit
solvent runs. The GB/ACE parametrization was optimized previously69

for use with param19. The GB/OBC simulations (with AMBER)
employed a slightly modified version of the AMBER/parm99 force
field, optimized prevously for GB simulations.74 No parameter opti-
mization (or fitting) was done in this work.

3. Results

The most complex and interesting ionization reaction is that
of Asp26 in thioredoxin, which we describe first, focusing on
the explicit solvent simulations. The ionization of Asp20 in
thioredoxin and Asp14 in RNase A are then described more
briefly. Finally, we describe the implicit solvent results for all
three ionization reactions.

3.1 Thioredoxin Asp26. Explicit Solvent Simulations.
Ionization Free Energy. The Asp26 ionization reaction was
simulated in three sets of free energy simulations (three ‘runs’).
A run with the AMBER force field and Ewald summation
included 18 ns of dynamics. A forward and a backward run
were done with the CHARMM force field and Ewald summa-
tion, totalling 17 ns of dynamics. These simulation lengths were
necessary to correctly sample the important degrees of freedom,
as described below. Ionization of the model compound (Asp
with neutral blocking groups; Figure 2) was simulated with
AMBER over 3 ns, and with CHARMM over 6 ns. The
CHARMM run for the model compound was fully converged
after 3 ns; ie, doubling the simulation time for eachλ value did
not change the result. The derivative of the free energy,∂G/∂λ,
is listed vsλ in Table 1 for the model compound and the protein.
A representative time series for the energy gap,UB - UA (eq
5), is shown in Figure 3, illustrating the convergence of∂G/∂λ.
The free energy change is obtained by numerical integration of
the derivative.

From the different runs, the estimated free energy change
∆∆G relative to the model compound is 9.1 kcal/mol (AMBER),
10.9 kcal/mol (CHARMM, backward run) or 13.8 kcal/mol
(CHARMM, forward run). The experimental result is 4.8 kcal/
mol. Thus, while the simulations consistently predict the correct
sign for the Asp26 pKa shift, the magnitude is over twice the
experimental one. The 6.6 kcal/mol difference from experiment
is about three times the standard error, 2.3 kcal/mol (estimated
from the scatter of the three runs). Therefore, it must arise in
part from systematic errors in the force fields employed. For

example, both force fields treat electronic polarizability implic-
itly, through a simple, mean field model.53,54

Despite the length of the simulations, the scatter among the
free energy runs is still significant. While the AMBER/
CHARMM differences could in principle be dominated by
systematic force field effects, they are of the same magnitude
as the apparent statistical uncertainty of each run (in parentheses
in Table 1). This suggests that the differences between runs are
mainly due to conformational sampling differences. They arise
because the deprotonation of Asp26 is a complex process,

(74) Simmerling, C.; Strockbine, B.; Roitberg, A. All-atom structure prediction
and folding simulations of a stable protein.J. Am. Chem. Soc.2002, 124,
11 258-11 259.

Table 1. Thioredoxin Asp26: Explicit Solvent MDFE Resultsa

CHARMM AMBER

model Asp26b Asp26c model Asp26

run length (ns) 6 9.5 8 3 18
∂G/∂λ (λ ) 0) 19.3(1.4) 19.3(6.8) 16.6(4.6)
∂G/∂λ (λ ) 0.11270) -1.3(0.8) -3.1(12.0)
∂G/∂λ (λ ) 0.5) -58.4(0.8) -42.0(0.4) -44.8(2.0) -75.3(0.2) -64.5(4.6)
∂G/∂λ (λ ) 0.88279) -148.6(2.0) -131.4(7.8)
∂G/∂λ (λ ) 1) -144.6(1.4) -122.0(4.8) -124.2(2.2)
∆G -60.5(0.6) -46.7(2.0) -49.3(1.6) -75.1(1.1) -66.0(3.9)
∆∆G 0 13.8(2.0) 10.9(1.8) 0 9.1(4.1)
∆∆G (exper.) 4.8 4.8 4.8

a All energies in kcal/mol. Statistical uncertainty in parentheses. For the derivatives, it is estimated as twice the standard deviation of block averages, each
trajectory being divided into four blocks. For the free energies, calculated by trapezoidal (CHARMM) or Gaussian (AMBER) integration, simple propagation
of error is assumed.b Forward run (starting from the protonated state,λ ) 0). c Backward run (starting from the ionized state,λ)1).

Figure 3. Representative data from the AMBER simulation of the half-
ionized Asp26 state of thioredoxin. From top to bottom: time series of the
energy gap∂U/∂λ, of the Asp26ø2 dihedral, of the Asp26(OD)-Lys57(NZ)
distance (taking the OD oxygen that gives the shortest distance), and of
the mean CR rms deviation from the crystal structure.
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involving structural rearrangements in the protein and the solvent
that take place on long, nanosecond, time scales. We describe
these in the next two sections. The difference between the
CHARMM forward and backward runs is greater than the
statistical uncertainty of either run, and must be due to
systematic ‘hysteresis’; i.e., the forward run is too short to allow
the ionized endpoint to become fully stabilized, thus yielding a
higher pKa.

Structural Reorganization: Carboxylate Orientation. Asp26
lies in a deep pocket on the protein surface, illustrated in Figure
4. Several slow degrees of freedom in the immediate vicinity
of Asp26 are strongly coupled to the reaction coordinateλ (eq
4). Thus, the Asp26ø2 dihedral angle has a preferred orientation
in the protonated state, but obviously not in the ionized state.
In the CHARMM forward run, in the protonated state (λ ) 0),
Asp26 starts out withø2 ≈ -120°, with the proton pointing
away from solvent, back into the pocket. After 800-900 ps of
dynamics, the carboxylate flips by about 180°, so that the proton
points outward (toward the right of Figure 4). This ‘proton-
outward’ orientation is maintained for over 3 ns of simulation,
suggesting that it is the favored orientation with the CHARMM
force field atλ ) 0. In the midpoint state (λ ) 0.5), only the
‘proton-outward’ orientation is sampled.

In the AMBER simulations (which correspond to intermediate
λ values: λ ) 0.11270, 0.5, and 0.88729), the two Asp26
orientations are sampled about equally, with transitions every
1-2 ns (Figure 3). The free energy derivative or, equivalently,
the electrostatic potential on Asp26, has a distinct dependency
on the dihedral orientation, detailed in Table 2. For example,
in the λ ) 0.5 state, if we limit the averaging to the proton-
outward (respectively, inward) orientation, the free energy
derivative is estimated to be-62.0 kcal/mol (respectively,-68.4
kcal/mol). This dependency accounts for the large apparent
statistical uncertainty of the AMBER run (4.1 kcal/mol; Table
1), compared to the CHARMM runs (∼2 kcal/mol). Since there
are at least twoø2 transitions in each simulation, we might
assume the inward and outward populations are sampled at least
qualitatively correctly, and simply average the data over the
whole trajectory. However, from the data, it is actually possible
to compute the statistical weights of each conformer in a
rigorous way.33,75,76 Indeed, treating the inward and outward
conformers as two separate species in slow exchange, we can

compute a free energy change∆G for each one, giving∆Gin )
-65.9 kcal/mol and∆Gout ) -66.9 kcal/mol, respectively
(Table 2). The product states for the two species have the same
free energy, because forλ ) 1, the two Asp26 orientations are
equivalent. We may conclude that the inward orientation is
favored by∆Gin - ∆Gout ) 1 kcal/mol in the reactant state.
This contrasts with the CHARMM force field, which favors
the outward state. Finally, we take the Boltzmann average of
the inward and outward results

to obtain∆G ) -66.4 kcal/mol. This is very close to the result
of the simple averaging,∆G ) -66.0 kcal/mol (Table 1). This
analysis shows that the real statistical uncertainty (2.5 kcal/mol;
Table 2) is close to the uncertainty of the CHARMM runs.

Structural Reorganization: Salt Bridge Formation and
Solvent Structure. A second important degree of freedom
involves the positively charged Lys57 side chain. Lys57 does
not interact closely with protonated Asp26 (Figure 4), but shifts
several Ångstroms to make a salt bridge to ionized Asp26
(Figure 5). The salt bridge is almost completely absent up to,
and including the midpoint of the reaction (λ ) 0.5, ‘half-
ionized’ Asp26; see third panel of Figure 3). It is present about
half the time whenλ ) 0.887 29 (AMBER run). It is present

(75) Tobias, D. J.; Brooks, C. L. Calculation of free energy surfaces using the
methods of thermodynamic perturbation theory.Chem. Phys. Lett.1987,
142, 472-476.

(76) Hummer, G.; Pratt, L.; Garcia, A. Multistate Gaussian model for electrostatic
solvation free energies.J. Am. Chem. Soc.1997, 119, 8523-8527.

Figure 4. Environment of thioredoxin Asp26 in its neutral state (typical
snapshot from the CHARMM simulation).

Table 2. Thioredoxin Asp26 ø2 Substate Free Energiesa

proton-inward proton-outward overall

∂G/∂λ (λ ) 0.11270) 5.0(0.5) -10.7(3.4) -3.1
∂G/∂λ (λ ) 0.5) -68.4(1.7) -62.0(4.0) -64.5
∂G/∂λ (λ ) 0.88279) -133.3(2.8) -129.5(2.4) -131.4
∆G -65.8(1.1) -66.8(2.3) -66.0(2.5)b

a AMBER run. All energies in kcal/mol. Statistical uncertainty in
parentheses. For the derivatives, it is estimated as twice the standard
deviation of block averages, each data set being divided into four blocks.
b For the overall free energy, the uncertainty is estimated by propagation
of error from the substate free energy uncertainties:σ(∆G) ) (σ(∆Gin)2 +
σ(∆Gout)2)1/2. The substate free energies are actually combined through a
nonlinear, Boltzmann average (eq 11); nevertheless, they have almost equal
weights in the average so that the above ‘linear’ mixing of the errors is a
good approximation.

Figure 5. Environment of thioredoxin Asp26 in its ionized state (typical
snapshot from the CHARMM simulation).

∆G ) - kT log[exp(-∆Gin/kT) + exp(-∆Gout/kT)] (11)
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all the time whenλ ) 1 (fully ionized Asp26), as illustrated in
Figure 5. The lack of a direct interaction in the protonated state
was known from the 2TRX crystal structure.62 However, the
salt bridge found here in the product state could not be observed
experimentally, because of the low occupancy of the product
state at neutral pH.

A third important degree of freedom involves the solvent
organization close to Asp26, which is completely different in
the protonated and ionized states. Protonated Asp26 interacts
directly with a single water molecule (Figure 4), which is the
beginning of a chain of three waters in single file, linking Asp26
to bulk solvent. This organization agrees with the crystal
structure.62 The link is occasionally broken, as protein groups
lining the chain come together and squeeze the waters out. This
occurs during the early part of theλ ) 0 window of the
CHARMM run, for example. The groups involved are mainly
the aliphatic part of Lys57, the Trp28 side chain above it, and
the Ala39 methyl group below it; their opening/closing repre-
sents another slow, collective degree of freedom coupled to the
reaction coordinate. To the left of Asp26 are Pro76 and the
backbone of residues 76-79, none of which make a good
hydrogen bond to the Asp26 side chain (regardless of theø2

orientation). Interestingly, in the half-ionized state (λ ) 0.5),
the solvent organization is very similar to that in the protonated
state, as shown by the radial distribution functions plotted in
Figure 6. As Asp26 goes from the protonated to the half-ionized
state, its neighboring water molecule actually shifts away by
about 0.3 Å and becomes noticeably more ordered.

Ionized Asp26, in contrast, is more extensively solvated. It
is in direct contact with three water molecules, which have
penetrated into the pocket and form a layer between Asp26 and
the backbone groups to the left (Pro76, Thr77; Figure 5). A
fourth water extends this layer and links it to Lys57, which is
hydrogen-bonded to Asp26, as discussed. Note that despite these
nearby waters, ionized Asp26 is considerably less solvated than
the solvent-exposed Asp20, whose surrounding water distribu-
tion is also shown in Figure 6.

Relation to Linear Response Theory.∂G/∂λ is essentially
the electrostatic potential on the Asp carboxylate group (see eq
5). Its decrease withλ, shown in Figure 7, describes the
increasing polarization of the Asp environment in response to
the growing Asp charge. The decrease is approximately linear
for Asp in solution (not shown) and for Asp26 in the protein.
This indicates that the environment responds approximately as

a linear medium; i.e., the polarization density induced by the
new charge increases linearly withλ.61

The linearity of∂G/∂λ is also supported by the approximately
Gaussian fluctuations of the energy gap, illustrated in Figure 8.
Perfect linearity would imply that the fluctuations are exactly
Gaussian, and vice versa.77 Some deviations from Gaussian
statistics are apparent in some of the simulations (Figure 8).
The most obvious deviation is for theλ ) 0.112 70 state,
AMBER run, where there are clearly two underlying distribu-
tions. They correspond to two distinct populations, or substates,
having Asp26 in the inward and outward orientation, respec-
tively. Each of them is roughly Gaussian, although there are
significant deviations in the tails of the two Gaussians. The two
Gaussians (or parabolas in the log scale of the figure) are
centered on the derivative values corresponding to the two
substates,-62.0 and-68.4 kcal/mol, respectively (Table 2).

In general, the presence of two substates, each of which has
Gaussian statistics, can lead to marked deviations from linear

(77) Levy, R.; Belhadj, M.; Kitchen, D. Gaussian fluctuation formula for
electrostatic free energy changes.J. Chem. Phys.1991, 95, 3627-3633.

Figure 6. Radial distribution of water molecules around thioredoxin Asp26
and Asp20 in different states (neutral, half-ionized, ionized).

Figure 7. Free energy derivatives as a function ofλ. Upper panel: Asp26
runs. Middle panel: Asp26 CHARMM forward run; protein and solvent
components of∂G/∂λ. Bottom panel: Asp20, Asp14 runs.
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response, as illustrated by hypothetical data in Figure 9. The
hypothetical data are roughly similar to Asp26, but with a
stronger nonlinearity, for illustration. They correspond to a total
free energy change of∆G ) -70 kcal/mol and a free energy
difference between substates of 5 kcal/mol at theλ ) 0 endpoint;
the midpoint derivative is-70 kcal/mol, in exact agreement
with ∆G, despite the nonlinearity. The derivative∂G/∂λ has
nearly linear segments in regions where one of the two substates
is more stable, with a crossover to the other substate when the
substate free energies intersect (see upper inset in Figure 9).
Evidently, with only three simulation points (e.g., the dots in
Figure 9), care must be taken before inferring linear response.

Free Energy Component Analysis.Following the ideas of
electron transfer theory,4,59,78it is instructive to decompose the
ionization free energy into two components. The first is
associated with structural reorganization, and is termed the
reorganization, or relaxation free energy; the remaining com-
ponent is termed the static free energy. This decomposition

corresponds to a hypothetical, two-step reaction.59,78-80 In the
first step, the proton is removed, with the system constrained
in its initial, reactant state ensemble. In the second step, the
system is allowed to reorganize, or relax in response to the
ionization. The reorganization free energy,∆Grlx provides a
quantitative measure of the dielectric relaxation occurring in
response to the ionization. Since the present system responds
approximately as a linear medium, the reorganization free energy
is given by the second derivative of the free energy

For the model compound Asp in solution,∆Grlx ) -82.1 kcal/
mol with the CHARMM force field and∆Grlx ) -95.7 kcal/
mol with AMBER. For Asp26 in the protein, the values are
-71.4 kcal/mol with CHARMM and-83.3 kcal/mol with
AMBER. Note that the differences between the protein and
model compound are almost the same with the two force fields.
The relaxation is much weaker in the protein, as expected, since
the protein environment is much less polarizable than bulk water.

For a spherical solute of radiusR in a dielectric continuum,
the relaxation free energy would be related to the dielectric
constantε of the medium by the Born equation11,25

Taking the model compound relaxation free energy, along with
ε ) 80 (the dielectric constant of water) givesR ) 2.0 Å with
the CHARMM force field andR ) 1.7 Å with AMBER. These
can be viewed as the ‘electrostatic size’ of the carboxylate group
with each force field. The distribution of charge representing
the proton is more concentrated with AMBER (Figure 2), giving
a larger relaxation free energy and a smallerR. Now, taking
the reorganization free energy computed for Asp26 in the protein
and using the same effective radiiR, we obtain the dielectric
constantε ) 7.1 (the two force fields giving the same result).
This dielectric constant corresponds to a uniform dielectric
medium that would produce the same reorganization free energy
as the heterogeneous, protein/solvent environment of Asp26. It
measures the mean effective polarizability of the environent of
Asp26. A similar effective dielectric constant was observed in
the active site of the enzymes aspartyl-tRNA synthetase29,30and
trypsin.81

Another useful decomposition separates the free energy into
protein and solvent components.82 Indeed, the free energy
derivative takes the form of a pairwise sum of interactions
between the Asp26 carboxylate and the rest of the system, which
can be split into protein and solvent contributions. The two are
plotted as a function ofλ in Figure 7 (middle panel), based on
the CHARMM, forward run. Both are distinctly nonlinear
functions of λ, even though their sum is nearly linear. The
protein response does not begin to develop until after the half-

(78) Marcus, R. Chemical and electro-chemical electron transfer theory.Annu.
ReV. Phys. Chem.1964, 15, 155-196.

(79) Simonson, T.; Perahia, D.; Bru¨nger, A. T. Microscopic theory of the
dielectric properties of proteins.Biophys. J.1991, 59, 670-90.

(80) Muegge, I.; Qi, P.; Wand, A. J.; Chu, Z.; Warshel, A. Reorganization energy
of cytochromec revisited.J. Phys. Chem. B1997, 101, 825-836.

(81) King, G.; Lee, F.; Warshel, A. Microscopic simulations of macroscopic
dielectric constants of solvated proteins.J. Chem. Phys.1991, 95, 4366-
4377.

(82) Gao, J.; Kuczera, K.; Tidor, B.; Karplus, M. Hidden thermodynamics of
mutant proteins: A molecular dynamics analysis.Science1989, 244, 1069-
1072.

Figure 8. Histograms of the energy gap for different values of the reaction
coordinateλ, offset vertically for clarity. Thioredoxin Asp26, AMBER run.
For each histogram, a parabolic fit is shown in light gray. For the uppermost
panel, two parabolas are used, corresponding to the two substates defined
by the Asp26 carboxylate orientation; each substate is only approximately
Gaussian, as seen by the deviations in the histogram tails.

Figure 9. Free energy derivative∂G/∂λ as a function ofλ for a hypothetical
system with two Gaussian substates. The derivatives for each individual
substate are shown as gray lines; the overall∂G/∂λ is shown as a black line
and seen to be highly nonlinear. Black dots highlight the endpoints and the
midpoint. Upper inset: the free energy as a function ofλ for each substate.
Lower inset: log probability of the energy gap, obtained as a superposition
of the Gaussian probabilites of the two substates. The present hypothetical
data are roughly compatible with the thioredoxin Asp26 numbers, but for
the purposes of illustration, the nonlinearity here is stronger.
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2
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ionized state is reached, once the Asp26-Lys57 salt bridge begins
to be populated. Integrating the protein component fromλ ) 0
to 1 gives-44.3 kcal/mol, close to the total free energy change,
-48.0 kcal/mol. The remaining, solvent component is only-3.7
kcal/mol.

3.2 Asp20 in Thioredoxin. Explicit Solvent Simulations.
The free energy data for thioredoxin Asp20 are summarized in
Table 3 and in Figure 7 (bottom panel). The experimental pKa

is unshifted, being the same as that of the model compound.
Both AMBER and CHARMM predict a small, upward shift.
But the shift is only 0.5-1 pKa units, which is within the
statistical uncertainty of the simulations. The free energy
derivative is a linear function of the reaction coordinateλ. Asp20
is completely exposed to the solvent (see the radial distribution
function, Figure 6), which, indeed, is expected to respond as a
linear medium to the ionization reaction.

3.3 Asp14 in Ribonuclease A. Explicit Solvent Simulations.
For Asp14 in ribonuclease A, the experimental pKa is down-
shifted by 2 pKa units, corresponding to a double free energy
difference∆∆G ) -2.7 kcal/mol. The AMBER simulation
underestimates the downshift, with∆∆G ) -0.9 kcal/mol. The
CHARMM simulation predicts a small upshift,∆∆G ) +1.1
kcal/mol, with an estimated uncertainty of 2.1 kcal/mol. This
is essentially the same as the CHARMM result for thioredoxin
Asp20 (above). The simulations were done with all carboxylates
ionized except for Asp14, despite the low pKa. Because these
groups are solvent exposed and rather far from Asp14, we
hypothesized that this would not affect the calculations strongly.
In fact, MDFE calculations with the GB/OBC model were done
to test this hypothesis (see below); they indicate that if the
carboxylates are protonated, the ionization free energy in the
protein decreases by 1.1 kcal/mol, making the ionized state more
favorable. If we subtract 1.1 kcal/mol from∆∆G, the AMBER
value becomes-2.0 kcal/mol, very close to the experimental
result. The CHARMM value becomes 0.0 kcal/mol.

The CHARMM force field was shown recently to underes-
timate the solvation free energy of the acetic acid group by 3
kcal/mol (B. Roux, personal comunication). This could possibly
account for the rather high calculated CHARMM pKa, although
some cancellation of error is expected when the protein and
model compound free energy changes are subtracted. Another
possibility is that the experimental pKa is measured at such a
low pH that the vicinity of Asp14 is structurally modified or
partly denatured. Some evidence for a conformational change
occurring in this region at around pH) 5 is given by two-
dimensional NMR measurements.19 However, the good agree-

ment obtained with the AMBER force field suggests that this
does not strongly affect the pKa. The CHARMM error may also
be due to the somewhat short run length (2.8 ns), which may
not give the ionized state time to stabilize completely. The
AMBER run length was 15 ns.

Despite uncertainty in the free energy, the simulations provide
several insights into the structure and dynamics of the Asp14
environment. In the crystal structure, determined at a pH of 5.2
(where Asp14 is ionized), Asp14 is in a congested region of
the protein surface, with two positively charged side chains
nearby, His48 and Arg33, which presumably contribute to the
low experimental pKa. The simulations are in good agreement
with the crystal structure, with typical rms deviations of just
1.2-1.8 Å for the protein backbone. In the simulations of the
protonated state, the free Asp14 oxygen forms a tight hydrogen
bond to the Tyr25 hydroxyl group. In the ionized state, this
interaction weakens, but new hydrogen bonds are formed with
Thr17, His48, and Ser16. The carboxylate group also interacts
with the positively charged Arg33. The average distance
between Asp14-OD and Arg33-NH is 4.3 Å in the protonated
state; it is only 2.9 Å in the ionized state (taking the OD and
NH closest to each other), which corresponds to a salt bridge.

To summarize, the Asp14 downshift calculated with the
AMBER force field appears to be due to hydrogen bonds
between ionized Asp14 and several nearby polar groups,
combined with a salt bridge interaction with Arg33 in the ionized
state. Deviations from the experimental pKa could arise from
force field deficiencies. It may be that the mean field treatment
of electrostatic interactions employed in the present force fields
is not sufficient for such a heterogeneous environment. Thus,
even though the conformations sampled may be correct, the
charge-charge energetics could be slightly off. Notice that the
same limitation is inherent in every continuum electrostatic
approach implemented to date.10,21-24,39-41

For Asp14, as for Asp20 in thioredoxin, the free energy
derivative is a linear function ofλ, indicating that the hetero-
geneous environment responds as a linear medium to the
ionization reaction. For both Asp14 and thioredoxin Asp20, the
reorganization free energy is about as large as that for the model
compound in water, even though a large part of the nearby space
is occupied by protein, which is a less polarizable medium.

3.4 Implicit Solvent Simulations.The three pKa’s were also
calculated using molecular dynamics with a continuum solvent
model. This work represents the first application of MDFE
methods to a pKa calculation with continuum solvent. The
generalized Born (GB) model was used to describe the

Table 3. Thioredoxin Asp20 and RNAse A Asp14: Explicit Solvent MDFE Resultsa

AMBER CHARMM

model Asp20 Asp14 model Asp20 Asp14

run length (ns) 3 15 15 6 6 2.8
∂G/∂λ (λ ) 0) 19.3(1.4) 19.0(0.4) 17.9(4.2)
∂G/∂λ (λ ) 0.11270) -1.3(0.8) -1.0(1.6) -1.3(1.0)
∂G/∂λ (λ ) 0.5) -75.3(0.2) -73.9(0.4) -78.3(1.8) -58.4(0.8) -57.0(1.2) -56.8(3.2)
∂G/∂λ (λ ) 0.88279) -148.6(2.0) -145.1(1.8) -146.8(3.4)
∂G/∂λ (λ ) 1) -144.6(1.4) -143.5(0.8) -142.3(2.4)
∆G -75.1(1.1) -73.4(0.6) -75.9(1.1) -60.5(0.6) -59.6(0.6) -59.4(2.0)
∆∆G 0 1.7(1.3) -0.9(1.6) 0 0.9(0.8) 1.1(2.1)
∆∆G (exper.) 0.0 -2.7 0.0 -2.7

a All energies in kcal/mol. Statistical uncertainty in parentheses. For the derivatives, it is estimated as twice the standard deviation of block averages, each
trajectory being divided into four blocks. For the free energies, calculated by trapezoidal (CHARMM) or Gaussian (AMBER) integration, simple propagation
of error is assumed.
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continuum solvent efficiently, allowing long simulations (15 ns
for each pKa). Two variants of the GB model were employed,
GB/OBC and GB/ACE (see Methods). For both variants, the
MD structures are in fair agreement with the crystal structures,
with typical backbone rms deviations of 1.5-2.5 Å with both
GB/ACE and GB/OBC. The free energy results are summarized
in Table 4. With GB/OBC and AMBER, the calculated pKa’s
are closer to experiment than to the explicit solvent results
above. The RNase A Asp14 pKa is downshifted by the correct
amount (particularly when all the other carboxylates are
protonated), and the thioredoxin Asp26 pKa is only 1.5 units
higher than experiment (9 instead of 7.5 experimentally). This
is encouraging, since traditional PB methods, which use a single
fixed structure, have great difficulties in reproducing such
anomalous pKa’s without resorting to adjustment of parameters.
The Asp20 pKa is unshifted, as it should be. With GB/ACE,
the Asp20 and Asp26 double free energy differences are∆∆G
) 0.6 and 11.1 kcal/mol, respectively, in close agreement with
the explicit solvent results (Tables 1, 3), even though the protein
force fields are different in the two cases (CHARMM/param19
here, vs CHARMM/param22 with explicit solvent). The Asp14
pKa was not computed with GB/ACE.

Interestingly, with GB/ACE, when Asp26 becomes ionized,
its environment does not undergo the same relaxation as with
explicit solvent. Thus, Lys57 never approaches Asp26 more
closely than 5.7 Å, and the Asp26-Lys57 distance is essentially
independent of the reaction coordinateλ. The Asp26-Lys57 salt
bridge is replaced by interactions between Asp26 and the
continuum solvent. Despite this tradeoff between protein and
solvent interactions, the pKa’s with explicit solvent and GB/
ACE are in very good agreement. Another example of an ‘equal
free energy’ tradeoff between a salt bridge and solvent-mediated
interactions was found recently in simulations of an enzyme
active site.83 With the AMBER force field and GB/OBC, the
Asp26-Lys57 salt bridge forms as before.

4. Discussion

MDFE with Explicit Solvent: Limitations and Difficulties.
The first application of MD free energy simulations to proteins
was a pKa shift calculation.31 Encouraging results were obtained,
and the authors concluded that ‘quantitative results for the
energetics of solvated proteins’ were finally at hand. Since then,
there is no question that a large and important body of data has
been obtained from theoretical studies of protein electrostatics.
Still, almost twenty years later, the difficulty to compute very
accurate pKa shifts is striking. The interesting cases are also
the difficult ones, where the titrating group is in a congested
and/or partly buried environment, so that individual, ordered

water molecules are important, and rare, activated protein
motions participate in the dielectric relaxation. In a case like
thioredoxin Asp26, the structural reorganization involves con-
certed motions of protein backbone and side chain groups, as
well as ordered waters, which take place on nanosecond time
scales.

Very long simulations were employed here with two different
force fields, in an attempt to clearly identify and sample the
important degrees of freedom while directly measuring depen-
dency on model details. The structures sampled were stable and
in good overall agreement with the crystal structures (e.g., Figure
3, bottom panel). However, even with 35 ns of total run length
for Asp26, the apparent statistical uncertainty is more than one
pKa unit. For the two difficult cases, Asp26 (thioredoxin) and
Asp14 (RNase A), the AMBER/CHARMM differences are 2-3
kcal/mol, slightly more than the statistical uncertainty. This is
reassuringly moderate, but certainly not negligible.

The deviation from experiment for thioredoxin Asp26 and
RNase A Asp14 is greater than the statistical error; for Asp26
it is twice as large as the force field difference. Both of these
pKa’s are too high with both force fields. With CHARMM, this
may be due in part to undersolvation of the protonated, acetic
acid group in the CHARMM22 force field (B Roux, personal
communication); i.e., the ionized model compound may be
computed as too stable relative to the protonated model
compound. The exact extent of this effect is difficult to
determine for the protein leg of the thermodynamic cycle (Figure
1). The CHARMM run lengths may also be too short, so that
the stability of the final, ionized state is underestimated. Thus,
the CHARMM Asp14 run length was only 2.8 ns, compared to
15 ns with AMBER. The AMBER pKa’s are also too high,
though not as high as with CHARMM. For Asp26, this could
arise from an Asp26-Lys57 interaction that is too weak, possibly
because many body induction effects (electronic polarizability)
are underestimated for this site by the mean field approach.
Polarization of the Asp26 carboxylate by the lysine charge
contributes to their interaction; this effect is presumably stronger
and more anistropic in the largely buried thioredoxin site than
in a typical exposed region, and may be underestimated by both
force fields.

Structural and Free Energy Component Analyses.Even
though the pKa estimates are not perfect, the simulations with
explicit solvent yield a great deal of structural and thermody-
namic information. The contributions of protein and solvent to
the free energy were calculated for Asp26, and the most
important structural groups were identified. The two possible
protonation sites on the Asp26 side chain were compared in
detail. With the AMBER force field, the protonation free energy
is only mildly dependent on the orientation of the carboxylate.
With the CHARMM force field, one orientation is clearly
preferred. Most Poisson-Boltzmann calculations neglect this
preference (although it can in principle be included in the
methodology39-41).

The magnitude of dielectric relaxation in response to ioniza-
tion was characterized for all three aspartate residues, and the
dielectric response was shown to be approximately linear, even
though the protein and solvent contributions taken separately
can be distinctly nonlinear. For Asp26, the different proton
affinities of the ‘inner’ and ‘outer’ carboxylate oxygens (with
the AMBER force field) lead to two distinct conformational

(83) Archontis, G.; Simonson, T.; Moras, D.; Karplus, M. Specific amino acid
recognition by aspartyl-tRNA synthetase studied by free energy simulations.
J. Mol. Biol. 1998, 275, 823-846.

Table 4. Implicit Solvent MDFE Resultsa

∆G ∆∆G

system GB/OBC GB/ACE GB/OBC GB/ACE exp.

model -65.0(0.2) -43.1(0.1) 0 0 0
Asp26 -57.9(1.0) -32.0(0.9) 7.1(1.0) 11.1(0.9) 4.8
Asp20 -64.5(0.4) -42.5(0.2) 0.5(0.4) 0.6(0.2) 0.0
Asp14 -66.1(5.9) -1.1(5.9) -2.7
Asp14b -67.2(2.1) -2.2(2.1) -2.7

a Free energies in kcal/mol.b All carboxylates protonated except Asp14.
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substates and to a moderate nonlinearity in the dielectric
response. A mean polarizability was estimated for the Asp26
environment from the Born equation. It corresponds to a mean
dielectric constant of 7.1, a value intermediate between water
and a nonpolar, alkane-like medium, and similar to other enzyme
active sites.29,30,81For Asp20 and RNase A Asp14, the reorga-
nization free energy is as large as for the model compound in
bulk water, even though much of the volume around these
residues is occupied by protein rather than high-dielectric water.

In the case of Asp26, structural reorganization in response
to ionization involves the formation of a salt bridge, with Lys57
being drawn into the Asp26 pocket, away from solvent. The
unfavorable partial desolvation of Lys57 partly compensates for
its favorable interaction with Asp26. At the same time, a few
water molecules squeeze into the pocket between Asp26 and
the backbone moieties of Pro76 and Thr77. Most of the
reorganization free energy arises from solvent (including bulk
solvent).

In the case of Asp14, ionization strengthens hydrogen bonds
with three nearby polar side chains and leads to a salt-bridge
interaction with Arg33. The solvent free energy component was
not computed separately, but from the overall magnitude of the
reorganization free energy, we conclude that most of it is
contributed by solvent.

Comparison to Earlier Poisson-Boltzmann Studies.Two
research groups have calculated the pKa of Asp26 in oxidized
thioredoxin by solving the Poisson-Boltzmann (PB) equation,
using ensembles of structures obtained from X-ray or NMR
experiments.26,27 Both groups proposed that desolvation of
Asp26 and interactions with the positively charged Lys57 are
the main factors affecting the Asp26 pKa. However, the two
groups obtained different results based on similar structures.
Bashford et al.27 used two sets of structures with varying
distances between Asp26 and Lys57. They found agreement
with the experimental pKa with a set of so-called ‘loose’
structures, where the Asp26(CG)-Lys57(NZ) distance is on
average 8.1 Å. A second set of ‘tight’ structures, where the
distance was∼4.8 Å, led to a considerably lower value, pKa )
2.2 on average. Sharp and collaborators26 also studied the
dependence of the pKa value on the distance between Asp26
and Lys57. They found, contrary to Bashford, that agreement
could only be obtained when the side chain dihedrals were
rotated to bring Lys57 into salt bridge contact with Asp26
(‘tight’ structure,∼4.0 Å separation). Both of these PB studies
found that even very small changes in the Asp26-Lys57 distance
could have a large impact on the pKa value. A change of just
0.25 Å could change the pKa by more than one unit. This
underlines how sensitive electrostatic interactions are to con-
formational fluctuations and how important it is to include these
in the calculations. Our MDFE calculations with explicit solvent
show that both the ‘loose’ and the ‘tight’ structures are in fact
relevant, with the protein switching between them when Asp26
becomes ionized. They also suggest that nonelectrostatic
interactions play a role, for example through the increased burial
of the alkane portion of the Lys57 side chain. PB calculations
based only on ‘tight’ or ‘loose’ structures do not allow explicit
relaxation of Lys57; instead, they must mimic its relaxation by
a rearrangement of polarization charge on the protein-solvent
interface. This description is too crude to make an accurate
prediction of the pKa (as pointed out by Bashford et al.),27 even

though the experimental pKa can be reproduced by tuning the
dielectric constant.

Methods to include explicit protein relaxation in a PB pKa

calculation do exist. The simplest one is likely to be sufficient
in many cases. However, it requires structural models for both
endpoints of the reaction. Since the PB model is linear, it is
then sufficient to compute the static free energy for deproto-
nation in each state and take the average over the two states.
The static free energy is the electrostatic potential times the
charge increments, and is readily available with PB. This method
has been advocated by several groups16,28-30 using somewhat
different terminologies, but is not widely used because both
endpoint structures are needed. Results for the present systems
with this method will be presented elsewhere. Another approach
is to include several protein conformations in the PB model
and allow their occupancies to vary as a function of the titration
state.39-41 This method gives much better results than the
standard, single conformation approach.

First Example of MDFE with Dielectric Continuum
Solvent. Another simplified model treats the protein and its
fluctuations in atomic detail, while treating the solvent as a
dielectric continuum. This work represents the first MD free
energy simulation of a protein with a dielectric continuum
solvent. A related, earlier approach employed MD with explicit
solvent to sample conformations of the ionized and neutral
protein states, then used a Langevin Dipole solvent model to
evaluate their energetics.28 Results with a similar method will
be presented elsewhere for thioredoxin and RNAse A (Archon-
tis, JC, DAC & TS; in preparation). Here, the same continuum
solvent is used for the conformational sampling and the free
energy estimation. This is simpler and more efficient, but the
conformations sampled are probably less accurate (see below).
The Generalized Born continuum solvent model was used,
allowing 15 ns of MD for each pKa, leading to good conver-
gence. MDFE using numerical solutions of the PB equation is
possible in theory, but still too slow to be practical.44,45,84

The GB results for Asp26 are close to the explicit solvent
ones, even though the structural relaxation differs in the two
cases. In particular, with GB/ACE, the Asp26-Lys57 salt bridge
does not form in the ionized state, presumably because the
balance between Lys57 desolvation and Asp26-Lys57 interaction
has changed, compared to the explicit solvent model. Because
the overall quality of the structures sampled with explicit solvent
is superior for this system and others,69 we believe the explicit
solvent simulations give the correct picture, with formation of
the salt bridge in the ionized state. But the ‘loose’ conformations
are probably not very much higher in free energy, and indeed,
the AMBER simulations of the almost-ionized state (λ )
0.882 79) spent about half of the time in a ‘loose’ conformation.

Overall, with the AMBER force field and the GB/OBC
variant of the GB model,70 the pKa results are actually better
than with explicit solvent, and the rms deviation from experi-
ment is just one pKa unit. With the CHARMM19 force field
and the GB/ACE variant, the pKa results are very close to the
explicit solvent results (with the CHARMM22 force field). This
suggests that the deviations from experiment come mainly from
limitations of the protein force field, which can be corrected

(84) David, L.; Luo, R.; Gilson, M. Comparison of Generalized Born and Poisson
models: energetics and dynamics of HIV protease.J. Comput. Chem.2000,
21, 295-309.
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systematically, and to a lesser extent from the solvent model.
The structures are in reasonable agreement with experiment.
Although the GB variants used here are better than some earlier
ones, more recent, improved variants already exist,85 and there
is room for further improvement, leading to even better
structures and energetics. This should open the way for large-
scale titration studies, where many amino acids are allowed to
bind and release protons during the course of an MD simula-
tion.86,87

5. Conclusions

Several computational approaches have been used to study
pKa’s of side chains in proteins. These have typically employed
continuum models to account for the dielectric response of the
solvent, and have employed various methods to model the
energetics and to account for conformational reorganization in
the protein.

Somewhat surpisingly, aside from pioneering early work31

and one recent study,28 this problem has not been addressed by
combining modern simulation techniques (that consider the
protein and explicit solvent) and well-established free-energy
methods such as thermodynamic integration. In principle, such
free energy simulations can yield results that are as accurate as
the underlying force fields themselves, and recent results on
the analogous oxidation/reduction problem61 and a proton-
transfer problem88 have been very promising. Here, we show
that molecular dynamics free energy (MDFE) methods can
indeed give useful results for pKa’s of carboxylic acid side chains
in proteins, but that care is needed to ensure convergence of
the results and (in some cases) to avoid conformational drift
away from the most relevant solution conformations.

The key advantage of the procedure outlined here is that (in
principle) it correctly computes the required protonation free
energies, including both entropic and enthalpic effects. The
procedure incorporates any conformational changes that may
accompany protonation, and models the molecular details of
water solvation. Long-range electrostatic effects, which can be
quite important for charging free energies, can be incorporated
with Ewald or reaction-field methods that eliminate the need
to impose any cutoffs for Coulombic interactions. For a given
force field, such results can then become benchmarks against
which more approximate calculations can be compared. By
modeling at least the end points of the protonation events in
full detail, we can discover which features most affect the
thermodynamics, and can better assess the strengths and
weaknesses of current force fields and simulation methods.

It is certainly true, however, that MDFE simulations are
neither necessary nor desirable for all problems, and we list
here some of the disadvantages and limitations of this approach.

1. The rate at which the equilibrium ensemble is reached from
particular starting configurations is not known in advance, and
may be quite slow. This can be especially true for partially

buried residues (such as Asp26 in thioredoxin), where “interior”
water solvation is, on average, significantly different in the
protonated and de-protonated forms. Simulations of multiple
nanoseconds can be required, inhibiting the routine application
of this model to large numbers of sites.

2. Long simulations often have a tendency for the overall
protein structure to slowly drift away from conformations
derived from X-ray or NMR experiments. This drift presumably
reflects inadequacies in current force fields, and seems to be
more pronounced for generalized Born simulations than for those
with explicit solvent. When this happens, the accuracy of the
results can actually decline with longer simulations, since early
configurations sample the correct conformational ensemble more
closely than do later ones.

3. The results are still somewhat sensitive to the force field
that is used, or to the use of explicit vs implicit solvation models.
This is of course a feature of all simulations, but it may be that
simpler models that are empirically tuned to reproduce protein
pKa values might perform better (with respect to experiment)
than the more rigorous approaches used here.

4. Proteins generally have multiple side-chains that titrate in
a given pH range, and it is not straightforward to include such
site-site interactions into the framework of detailed MDFE
calculations. Some models, such as grand-canonical simulations
(in which protons can transfer between the system being
modeled and a hypothetical bath at a given pH) appear to be
promising,86,87but much simpler models of the energetics (dating
back to Linderstrom-Lang, Tanford, and Kirkwood) may
currently be more appropriate for problems in which the global
nature of pH behavior, rather than individual residues, is
emphasized.21,39,41

Despite these limitations, the prospects of MDFE simulations
of protein pH behavior seem very strong. Conformational
changes, whether large or small, are always coupled to proto-
nation events, and methods that rely upon X-ray or NMR
structures corresponding to just one protonation state are not
sufficient. Even relatively small conformational readjustments
have important thermodynamic consequences that in the end
can only be understood from models that have a rigorous
statistical mechanical foundation. In this work, using MDFE,
the existence and direction of the pKa shifts were correctly
predicted for three aspartates with the AMBER force field, and
in two out of three cases with the CHARMM force field. A
wealth of structural and thermodynamic information was
obtained, providing detailed insights into mechanisms of pKa

shifts in proteins. The complexity and the importance of
conformational reorganization was demonstrated, and deviations
from a simple linear response were observed for one of the three
aspartates. The role of nonelectrostatic interactions was em-
phasized. The polarizability of the thioredoxin active site was
characterized roughly by a mean dielectric constant of about 7,
similar to other enzyme active sites that have been analyzed
this way. Finally, encouraging results were obtained by treating
the protein dynamics explicitly while treating the solvent as a
dielectric continuum. This indicates that although individual,
nearby waters reorganize strongly around the titrating groups,
it is the long-range electrostatic properties that dominate the
contribution of solvent to the thermodynamics.
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