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Ammonia is the primary nitrogen source for the biological
synthesis of amino acids in microorganisms and plants.[1, 2] In
animals and humans, renal and hepatic ammonia sequestra-
tion and excretion are of fundamental importance for the
regulation of the systemic pH value and the functioning of the
central nervous system.[3] The weak base ammonia exists
predominantly (> 99%) in the form of the NH4

+ cation under
physiological conditions. The uptake and secretion of ammo-
nia is mediated by membrane proteins, including the ammo-
nia transporter (Amt),[4] methylammonium/ammonium per-
mease (Mep),[2, 5] and the Rhesus (Rh) protein.[6] The trans-
port rate has been measured to be 101–104 ammonia
molecules per second per transporter.[7]

Recently, the X-ray crystal structure of the ammonia-
channel protein AmtB from Escherichia coli was determined
at a resolution of 1.35 5.[8] The structure reveals a 20-5-long
hydrophobic channel and an extracellular recruitment (bind-
ing) vestibule for NH4

+ just outside of the channel. The
vestibule comprises the residues Phe103, Phe107, Trp148, and
Ser219. It had been assumed that the p–cation interactions
between the aromatic rings in the binding vestibule and NH4

+

stabilize the latter, but recent theoretical work has identified a
strong electrostatic interaction between the externally bound
NH4

+ cation and the carboxy group of Asp160, which are
separated by approximately 8 5, as the principal stabilizing

force.[9] Similar structural characteristics were observed in the
structure of Amt-1 from Archaeoglobus fulgidus.[10] The most
significant finding from the experimental crystal structures of
Amt proteins is that ammonia molecules (NH3) rather than
ammonium ions (NH4

+) are the transported species, as
deduced from the high hydrophobicity of the channels.
Molecular-dynamics (MD) simulations on the mechanisms
of substrate binding and NH3/NH4

+ transport in AmtB
confirmed this view.[9,11,12] Thus, NH4

+ must lose a proton
before it passes through the channel, and the elucidation of
the deprotonation mechanism is critical for the understanding
of the function and structure of ammonia-transport proteins.
MD simulations with molecular-mechanical (MM) potentials
suggest that Asp160, which is highly conserved in ammonia-
transport proteins and whose replacement with other residues
reduces or disables transport ability,[13,14] is probably the
transient proton acceptor.[11] As the proton transfer, which is
mediated by water, involves the breaking and formation of
several chemical bonds, an accurate description of the process
requires high-level quantum-mechanical (QM) treatment.
Herein, we describe the detailed exploration of the deproto-
nation process with density functional theory (DFT) and
combined QM/MM methods.

The complete computational model was constructed by
solvating the crystal structure of AmtB (PDB code: 1U7G)[8]

in a sphere of water molecules with a radius of 30 5 and then
carrying out MM–MD simulations with CHARMM[15] for
30 ps to bring the system to an equilibrium state. This model
contains 13155 atoms and includes the AmtB protein and
2483 water molecules. The equilibrated configuration
(Figure 1) was used as the starting point for the subsequent
pure QM and combined QM/MM calculations. The QM
calculations (approach 1) involved only the reactive site,
which consists of NH4

+ and all residues around the cation
within a distance of 5 5; the resulting QM cluster model for
pure DFT treatment contains 180 atoms. The BLYP func-
tional[16] and the basis set “double numerical plus d functions”
(DND), as well as the DND basis set augmented by polar-
ization functions (DNP) as implemented in the DMol3
package,[17] were employed in the DFT calculations. The
QM/MM calculations (approach 2) involved a QM region
with 149 QM atoms (in selected residues around NH4

+ and
within 5 5 of the cation) and 13106 MM atoms. In the QM/
MM geometry optimizations, the QM region and 1774 MM
atoms (defined by including all atoms around NH4

+ within a
distance of 13 5) were allowed to relax, whereas the
remaining MM atoms were constrained. The QM part was
treated at the B3LYP/6-31G(d) level, and the MM part was
described by the CHARMM22 force field.[18] An electronic
embedding scheme[19] was adopted, and the ChemShell
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package,[20] in which the Turbomole[21] and DL-POLY[22]

programs were integrated, was employed to carry out the
QM/MM calculations.

In the QM/MM MD simulations (approach 3), the QM
region was reduced to either 15 QM atoms (model 3A) or 51
QM atoms (model 3B ; Figure 2), and the 6-31G(d) and 6-31G
basis sets were employed for models 3A and 3B, respectively.
As quite a complicated H-bond network is present in these
structures, all QM/MM MD simulations were performed at
the BLYP/CHARMM level with the ChemShell package,[20]

which provided the QM/MM coupling engine and the MD
driver. The activeMM region in the QM/MMMD simulations
was composed of all residues around NH4

+ within 10 5 of the
cation. The optimal structure of Asp-NH4

+ (Figure 3) from
approach 2 was taken as the initial state for configuration
sampling. The reaction coordinate (RC) was defined as RC=

R1�R2 (see Figure 2). The QM/MM MD setup and thermo-
dynamic-integration approach were introduced in a previous
study.[23] The subsequent simulations were performed at T=

300 K under the conditions of a NVT canonical ensemble
(that is, each system in the ensemble has the same number of
particles and the same volume, and the temperature is well
defined). The system was first heated by a Berendsen
thermostat for 1 ps, then equilibrated by the Nose–Hoover
thermostat for another 1 ps. It was then sampled every 0.5 ps
along the reaction coordinate, and the restart files for all
points (windows) on the reaction coordinate were prepared.
Finally, each point on the reaction coordinate was equili-
brated for 0.5 ps to collect the data for thermodynamic
integration. Statistical tests, such as the Mann–Kendall test
for trend, the Shapiro–Wilk W test for normality, and the
von Neumann test for serial correlation, were performed to
establish converged averages.

The MD simulations, as well as the QM and QM/MM
calculations, revealed that NH4

+ is stabilized in the binding
vestibule of AmtB by a hydrogen-bond network around the
cation. In particular, there is a hydrogen-bond wire mediated

Figure 1. Equilibrated configuration used as the starting point for
subsequent QM and QM/MM geometry optimization.

Figure 3. Optimal conformations involved in proton transfer from
NH4

+ to the carboxylate group of Asp160 by approach 1 at the BLYP/
DND level.

Figure 2. QM models used in the QM/MM MD simulations.
Model 3B is the equilibrated configuration of AspH-NH4

+.
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by two water molecules between NH4
+ and the carboxylate

group (CO2
�) of Asp160 (Figures 3 and 4). This finding is in

agreement with the results of previousMD simulations,[11] and
similar proton-transfer pathways exist in many biochemical

processes, such as water-assisted intramolecular proton trans-
fer between zinc-bound water and His64 in carbonic anhy-
drase II (CAII).[24] In the current case, the deprotonation of
NH4

+ and transfer of the proton to Asp160 could occur by a
concerted hopping of protons between water molecules in a
manner analogous to the Grotthuss mechanism, which
explains the anomalously high mobility of protons in
water,[25] or by a stepwise mechanism in which the proton is
first transferred from NH4

+ to the adjacent water molecule,
then to the next water molecule, and finally to the carboxylate
group. However, it is also possible that the negative rather
than the positive charge migrates. In this case, the carboxylate
group first abstracts a proton from the water molecule close to
it, and the resulting hydroxide ion abstracts a proton from
another water molecule, which in turn abstracts a proton from
NH4

+. This alternative to the Grotthuss mechanism for proton
transfer in solution and in CAII was investigated recently by
Cui and co-workers.[26] In the study described herein, we
probed proton transfer from NH4

+ to Asp160 through the
hydrogen-bond wire by QM (approach 1) and QM/MM
optimizations (approach 2), as well as by QM/MM MD
simulations (approach 3). The linear-synchronous-transit
approach was used to generate a reaction path by geometric
interpolation between the reactant and the product. This
reaction path served as the starting point for the subsequent
transition-state search.

Figure 5 depicts the predicted relative-energy profile for
the proton-transfer process by approach 1 at the BLYP/DND
level with zero-point-energy (ZPE) corrections; Table 1
presents for comparison the relative energies (without ZPE
corrections) found by various approaches for selected key

conformations involved in the proton transfer. All calcula-
tions lead to the conclusion that a stepwise mechanism is
involved. If we restrict the proton-transfer process to a
concerted mechanism, the energy barrier would be as high as
approximately 30 kcalmol�1. In the stepwise route, Asp160 in
the initial conformation (Asp-NH4

+, Figure 3) accepts one
proton to give AspH-NH4

+, which contains a hydroxy anion.
The ZPE-corrected energy barrier for this process is 7.2 kcal
mol�1. The generation of a hydroxide ion (OH�) in this step
seems very unusual, as the hydrolysis of water molecules
normally occurs at a transition-metal-ion center, whereby the
subsequent binding of OH� to the metal ion lowers the energy
barrier to reaction significantly and stabilizes the system. In
our case, the hydroxide ion is stabilized by three hydrogen
bonds, namely, Asp-COOH···OH� , HOH···OH� , and
Phe161-NH···OH� , and as a consequence, the AspH-NH4

+

conformation is less stable than Asp-NH4
+ by only 6.9 kcal

mol�1. Previous BLYP-based MD simulations demonstrated
that similar conformations of hydrated OH� ions with
threefold coordination of the oxygen atom play a crucial

Figure 4. Optimal conformations involved in proton transfer from
NH4

+ to the carboxylate group of Asp160 by approach 2 (QM: B3LYP/
6-31G(d), MM: CHARMM).

Figure 5. Relative-energy profile with zero-point-energy corrections for the
deprotonation of NH4

+ and transfer of the proton to Asp160 through the
mediation of two water molecules. The data are derived from QM calculations
at the BLYP/DND level. TS: transition state.

Table 1: Relative energies [kcalmol�1] of species involved in the depro-
tonation of NH4

+ in AmtB, as measured by approaches 1 and 2.[a]

Level Asp-
NH4

+

AspH-
NH4

+

AspH-
NH3(I)

AspH-
NH3(II)

BLYP/DND 0.0 6.6 14.5 4.1
BLYP/DNP 0.0 7.0 14.6 4.2
B3LYP/6-
31G(d)

0.0 8.4 18.3 8.8

QM/MM 0.0 5.0 (2.6) 17.5 (14.7)

[a] The first three levels correspond to QM calculations (approach 1).
The QM/MM optimizations (approach 2) were performed with the QM
basis set B3LYP/6-31G(d) (or for the results in parentheses, BLYP/6-
31G(d)).
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role in the fast transport of OH� ions in aqueous solution.[27]

The subsequent concerted proton transfer from NH4
+ to OH�

via one water molecule yields a metastable species AspH-
NH3(I) and has an energy barrier of 4.5 kcalmol�1. With the
relaxation of the surrounding hydrogen-bond network,
AspH-NH3(I) evolves into the final conformation AspH-
NH3(II), which is stabilized by 7.8 kcalmol�1 relative to
AspH-NH3(I) but slightly higher in energy (by 2.8 kcalmol�1)
than the initial conformation Asp-NH4

+. The overall proton-
transfer process has a change in Gibbs free energy, DG, of
�1.8 kcalmol�1 at 298.15 K. We note that other QM and QM/
MM calculations result in comparable data, as shown in
Table 1, and that the ZPE is significant for AspH-NH3(I).

The results of the QM and QM/MM calculations showed
that the first transition states, for proton transfer to Asp160
and the resulting intermediate AspH-NH4

+, are located at
RC values of 0.0 (Figure 5) and 0.24 5, respectively. We
performed further QM/MM MD simulations (approach 3) to
derive the free-energy profiles along the reaction coordinate
from the initial state to these points (Figure 6). The MD

simulations with model 3A indicated that the change in free
energy for the proton transfer at RC= 0.0 is 10.6 kcalmol�1

(Figure 6a), whereas simulations with model 3B predicted
that the change in free energy for the generation of the first
intermediate (AspH-NH4

+ at RC� 0.45 Bohr) by proton
transfer is 7.8 kcalmol�1 (Figure 6b). As the ZPE corrections
were not taken into account in the simulations, we conclude
that the results of the QM/MM simulations are consistent
with the data in Figure 5 (7.2 and 6.9 kcalmol�1, respectively).

As all approaches in this study suggest that the first step
from Asp-NH4

+ to AspH-NH4
+ is rate limiting for the whole

proton-transfer process, we estimated its proton-tunneling
effect with the simple Wigner tunneling correction for the
QM model of 180 atoms (for details, see the Supporting
Information). We first calculated a semiclassical kinetic
isotope effect (KIE) of 6.2 and then derived the Wigner
tunneling-corrected KIE. As the latter value of 8.1 is larger
than the former value, we conclude that there is a quantum-
mechanical tunneling effect in AmtB. However, there is quite
a low energy barrier to the deprotonation of NH4

+ (7.2 kcal
mol�1), and the tunneling effect may be not significant in this
case. Although to date no experimental results on the KIE in
AmtB have been reported, the importance of proton tunnel-
ing in enzyme-catalyzed reactions is well recognized.[28]

In the proton-transfer process, the hydrogen-bond net-
work between NH4

+ and the residues Trp148, Ala162, and
Asp160 is retained, but remarkable changes are observed for
Phe161. In the initial conformation Asp-NH4

+, there is a
strong hydrogen-bonding interaction between the carboxy
group of Asp160 and the backbone NH group of Phe161. This
hydrogen bond is lost after the first proton transfer, as the NH
group then points toward the hydroxide ion (OH�) in AspH-
NH4

+. After the final proton transfer, the NH group of
Phe161 returns to its initial position in the product confor-
mation AspH-NH3(II).

In summary, the QM and QM/MM optimizations and
QM/MM MD simulations show that the carboxylate group of
Asp160 can act as the proton acceptor in the deprotonation of
NH4

+ mediated by two water molecules. The calculations
support a stepwise rather than a concerted mechanism. The
water molecule close to the carboxy group first loses a proton
to form a hydroxide ion, which is stabilized significantly by
hydrogen bonding to the protonated carboxylate group of
Asp160, the backbone NH group of Phe161, and a water
molecule. The tunneling-corrected KIE value for the first
proton transfer is 8.1, which suggests a certain tunneling effect
in this step. The subsequent proton transfer from NH4

+ to the
hydroxide ion via one water molecule completes the proton-
transfer process. The present study rationalizes the role of the
preserved residue Asp160 and clarifies why mutations of
Asp160 reduce or disable the activity of AmtB.[13]
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