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ABSTRACT The accessibility of water molecules to the pore of the AmtB ammonium transporter is studied using molecular
dynamics simulations. Free energy calculations show that the so-called hydrophobic pore can stabilize a chain of water mole-
cules in a well of a few kcal/mol, using a favorable electrostatic binding pocket as an anchoring point. Moreover, the structure of
the water chain matches precisely the electronic density maxima observed in x-ray diffraction experiments. This result questions
the general assumption that the AmtB pore only contains ammonia (NH3) molecules diffusing in a single file fashion. The prob-
able presence of water molecules in the pore would influence the relative stability of NH3 and NH1

4 , and thus calls for a reasses-
sment of the overall permeation mechanism in ammonium transporters.
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The crystal structures of Escherichia coli ammonium

transporter AmtB (1,2) and of homologous Amt-1 (3) are

providing direct insight on how proteins of the Amt/MEP/Rh

family catalyze the diffusion of ammonium (NH1
4 and/or

NH3) through the cellular membrane. In all structures, the

protein forms a narrow pore lined with hydrophobic residues

including two functionally important (4) hydrogen-bonded

histidine residues (H168 and H318 in AmtB), and con-

stricted on the periplasmic side by two phenylalanine resi-

dues (F107 and F215 in AmtB, see Fig. 1). According to the

current understanding, this pore is thought to allow the

diffusion of ammonia (NH3) but to prevent the permeation of

water (1) and charged species such as NH1
4 , K

1, and Na1

(2). All three published x-ray diffraction studies (1–3) have

found significant electronic density at the level of the two

histidines, which was alternatively assigned to ammonia (1),

to either ammonia or water (2), and to xenon (3). From the

x-ray data alone, it is impossible to distinguish ammonia

from water because both molecules have the same number of

electrons. Electronic density in the hydrophobic pore has

been observed in presence and absence of ammonium salt,

and contradictory results were reported for similar crystalliza-

tion conditions (1,2). Thus, based on available experimental

data, one cannot draw a definite conclusion on the molecular

species occupying the pore.

Khademi et al. (1) have proposed that AmtB binds NH1
4 ,

which gets deprotonated in the periplasmic vestibule and

then diffuses as NH3 through three binding sites (adjacent to

H168 and H318) according to a single-file diffusion mech-

anism reminiscent of permeation in potassium channels. It

was thus concluded that AmtB, initially thought to be an

ammonium (NH1
4 ) transporter like other similar bacterial

proteins (5), was in fact an ammonia (NH3) channel. The

proposed permeation mechanism relies on the assumption

that water molecules are excluded from the hydrophobic

pore, against some x-ray crystallographic data suggesting the

contrary (2) (see below). To assess the validity of that mech-

anism, it is important to address the exact nature of the chem-

ical species allowed in the so-called hydrophobic pore. In this

letter, we report free energy molecular dynamics (MD) simula-

tions of the AmtB transporter, using the open conformation

solved by Zheng et al. (2) (PDB code 1XQE). The simulations

suggest that the pore is accessible to cytoplasmic water mol-

ecules and leads to the formation of a stable water chain.

An explicit all-atom molecular system containing the

AmtB monomer embedded in a DMPC bilayer was con-

structed following a protocol reported previously (6). Because

the crystal structure does not resolve the protonation states of

H168 and H318 (which are forming a strong hydrogen bond

through their d-nitrogen atoms), two different states are built:

H168 donor, with the proton on Nd for H168 and on Ne for
H318; andH168 acceptor, with the proton onNe forH168 and
on Nd for H318. (See Supplementary Material for details

about the system and simulation protocol.)

In a first stage, both protonation states of the H168/H318

dyad are simulated for 10 ns, starting with an empty pore at

the level of the two histidines. In the H168-donor system,

after ;100 ps of simulation a first water molecule enters the

pore from the cytoplasmic side, and,2 ns later a water chain

fills the pore. In contrast, the H168-acceptor system never

fills with water. One or two molecules may briefly reach

residue H168 at the top of the pore, but a water chain is never

formed. The density profiles of water molecules in the pore,

accumulated for the last 8 ns of the 10-ns free simulations,

are presented in Fig. 2. In the H168-acceptor case (dashed
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line), water W1 is on average much higher in the pore and

is not properly oriented to form a strong hydrogen bond

with W2, which in consequence is not stabilized.

The simulations clearly indicate that the open AmtB

structure 1XQE is fully accessible to water on the cytoplas-

mic side. This observation is contrasting with the results of

previous MD studies based on the 1U7G structure (1,7). In

the 1XQE structure the side chain of V314 points away from

the pore (Fig. 1), while in 1U7G (and also in structure 1XQF

of (2)) it partially blocks the diffusion pathway. It raises the

issue of whether this conformational change plays a

physiological role, or if only one of the two conformations

represents a functional protein. The protonation state of the

histidine dyad has also a clear impact on the stability of water

molecules in the pore. While little density is observed in the

case of the H168-acceptor state, the H168-donor simulation

displays three pronounced density maxima at positions in

striking concordance with the electron density maxima seen

in the pore of x-ray structure 1XQF of Zheng et al. (2). In this

x-ray study, the closed structure 1XQF is the only one for

which electron density peaks could reliably be located inside

the pore (F. K. Winkler, personal communication, 2006);

1XQF was obtained from crystals grown in absence of am-

monium sulfate, reinforcing the idea that the observed density

corresponds to water molecules. The absence of experimen-

tal electronic density peaks in the pore of 1XQE must not

mean that water molecules are excluded from the pore.

Rather, it may be the result of greater motional freedom of

the water molecules due to the different pore structure and/or

the different crystal packing resulting in different constraints

on molecular motion. This could smear out the observed

water electron density to noise level. Overall, the agreement

between the experimental and simulated densities suggests

that the x-ray structures of Zheng et al. (2) are consistent with

the presence of water molecules in the hydrophobic pore, and

a H168-donor protonation state of the histidine dyad.

To confirm the somewhat anecdotal evidence obtained

from the free simulations, we calculate for both protonation

states the potential of mean force (PMF) of the progression

of the water-front inside the pore. The PMFs are calculated

using the adaptive biasing force method (8,9) implemented

in the NAMD package (10). The reaction coordinate z used

for the biasing force is the z-coordinate of the highest water
molecule (the one closest to F215) relative to the center of

mass of the Ne atoms of H168 and H318. This reaction

coordinate is therefore defined in terms of the leading water

molecule, whichever it is, and the biasing force is applied on

that water molecule (see Supplementary Material). For the

H168-donor structure, a biased simulation of 6 ns is pro-

duced, during which the range of z that describes the tran-

sition from an empty pore to a water-filled pore is uniformly

and repeatedly sampled. The resulting PMF is presented in

Fig. 3. It displays a barrier of ;2 kcal/mol at the level of the

CH group of H318 (between sites W2 and W3) and an

absolute minimum at the level of site W1, which indicates

that a fully hydrated pore is the most stable conformation.

The water molecule in site W1 is in a favorable binding

pocket formed by different polar and aromatic amino acids

(see Fig. 1 and (2)). The PMF of Fig. 3 is different from that

of a single molecule entering the pore because it includes the

stabilizing effects of additional water molecules that follow

the first molecule most of the time. For the H168-acceptor

structure, however, the PMF obtained from 9 ns of biased

simulation (see dashed line of Fig. 3) displays shallow

minima around z;�3 Å and z; 4.5 Å. These positions are

consistent with the water profile reported in Fig. 2 (dashed
line), but are incommensurable with the electronic density

observed for structure 1XQF. However, as the protonation

state of the two histidine residues might change during the

permeation process, both PMFs provide valuable information.

FIGURE 1 Detail of the open AmtB structure of Zheng et al.

(2) (PDB code 1XQE), equilibrated with molecular dynamics.

The conformation of residue V314 allows water to enter the pore

and form a stable chain.

FIGURE 2 Water density profiles in the pore of AmtB, for the

open structure 1XQE in the H168-donor (solid line) and H168-

acceptor (dashed line) protonation states. Data is accumulated

from the last 8 ns of 10-ns simulations. The average occupancy

number of each peak is indicated under the curve. Arrows are

showing the positions of density peaks from x-ray diffraction

data of the closed structure 1XQF (2).
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Our results support the notion that, at low ammonium

concentration, the pore of the open AmtB structure is stabi-

lizing a chain of water molecules distributed according to the

profile of Fig. 2. It raises some doubts on the conduction

mechanisms proposed so far (1,7,11,12); see also (13).

While there is a large consensus on the fact that AmtB

mainly binds NH1
4 , which at some point gets deprotonated

and diffuses as NH3 in the hydrophobic pore, many

questions remain. In the light of the results presented here,

the proposed single file diffusion mechanism is far from con-

clusive. It also revives the semantic debate on the designa-

tion of AmtB as a transporter or a channel. If the permeation

mechanism consists in the sequential binding, deprotonation,

and release of one substrate molecule at a time, the term

transporter might suit AmtB better. Furthermore, recent sim-

ulations of Luzhkov et al. (12) have shown that NH1
4 is not

stable in a pore filled with NH3. However, because cations

are better solvated in water than in ammonia, the AmtB

water-filled pore is calling for a reexamination of NH1
4

affinity of site W1 (equivalent to site AM2 in the structure of

(1)), which might bring new insights on the ammonium

deprotonation site, and in fine on the permeation mechanism.

Finally, given that electrophysiological measurements are

suggesting that some AmtB homologs, notably in plants, are

capable of co-transporting protons (14), the idea that the pore

of ammonium transporter might stabilize water molecules is

appealing. Indeed, it is well known that, in confined space,

water molecules can form highly ordered chains and trans-

port protons using the Grotthus mechanism (15). A similar

proton shuttling mechanism can take place in an ammonia

chain, but it may not be as efficient in the context of a narrow

hydrophobic pore (16).

SUPPLEMENTARY MATERIAL

An online supplement to this letter can be found by visiting

BJ Online at http://www.biophysj.org.

ACKNOWLEDGMENTS

We thank Fritz K. Winkler, Xiao-Dan Li, Arnaud Javelle, and Jérôme
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FIGURE 3 Potential of mean force of cytoplasmic water going

into the empty AmtB pore of the 1XQE open structure for both

protonation states. The reaction coordinate, z, is the z-coordinate

offset of the highest permeating water molecule with respect to

the center of mass of the Ne atoms of H168 and H318. Molecular

representations of each stable and metastable configuration are

shown (H168 donor, solid line, D1, D2; H168 acceptor, dashed

line, A1, A2, A3).
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