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ABSTRACT: The ammonium transporters of the Amt/Rh family facilitate the diffusion of
ammonium across cellular membranes. Functional data suggest that Amt proteins, notably
found in plants, transport the ammonium ion (NH4

+), whereas human Rhesus (Rh) proteins
transport ammonia (NH3). Comparison between the X-ray structures of the prokaryotic AmtB,
assumed to be representative of Amt proteins, and the human RhCG reveals important
differences at the level of their pore. Despite these important functional and structural
differences between Amt and Rh proteins, studies of the AmtB transporter have led to the
suggestion that proteins of both subfamilies work according to the same mechanism and
transport ammonia. We performed molecular dynamics simulations of the AmtB and RhCG
proteins under different water and ammonia occupancy states of their pore. Free energy
calculations suggest that the probability of finding NH3 molecules in the pore of AmtB is
negligible in comparison to finding water. The presence of water in the pore of AmtB could
support the transport of proton. The pore lumen of RhCG is found to be more hydrophobic
due to the presence of a phenylalanine conserved among Rh proteins. Simulations of RhCG also reveal that the signature
histidine dyad is occasionally exposed to the extracellular bulk, which is never observed in AmtB. These different hydration
patterns are consistent with the idea that Amt and Rh proteins are not functionally equivalent and that permeation takes place
according to two distinct mechanisms.

Proteins from the Amt/Rh family facilitate the transport of
ammonium across cellular membranes. Functional studies

have generally suggested that members of the Amt subfamily,
notably found in plants, transport the ammonium ion
(NH4

+),1−4 whereas the mammalian Rh proteins transport
ammonia (NH3).

5,6

The elucidation of the structure of the prokaryotic AmtB
transporter, the first from the Amt/Rh family, has brought
essential new insights toward the understanding of the function
of ammonium transporters.7,8 Nevertheless, the mechanism
of transport and the substrate of AmtB itself remain a matter
of debate with important consequences because AmtB is often
considered an archetype of the Amt subfamily. A close
examination of the structural and functional data reveals many
incompatible observations. On the basis of X-ray diffraction data,
it was suggested that the pore of AmtB is occupied by ammonia
molecules diffusing in single file.7 Electronic density was, however,
also observed in crystals grown in absence of ammonium salt,
arguing against the above conclusion.9 Although different
functional studies based on transport assays, growth experiments,
and pHmeasurements led to the suggestion that AmtB transports
ammonia,7,10 a critical assessment of these different approaches
shows the difficulties in applying suchmeasurements to AmtB and
in interpreting the available data.11 A mutational study has also
highlighted the specific chemistry essential to transport in AmtB,
supporting the idea of strong interactions with an ammonium ion

rather than with neutral ammonia.12 Incomplete or partial analyses
of the available X-ray and functional data on AmtB have led to an
amalgam between the function of Amt and Rh proteins, which are
both often described as “ammonia channels”.
Comparison of the X-ray structures of the AmtB7 and RhCG13

pores reveals significant differences (Figure 1). Although the two
transporters share the same overall pore architecture, some
residues at key positions differ.14 First, the two phenylalanine
residues forming a gate at the entrance of the pore lumen do not
adopt the same conformation in the crystals of the two proteins.
Whether this apparent difference is functionally important or
not is unknown. Second, a threonine (Thr273) is found at
the entrance of the pore lumen of AmtB, above the histidine
dyad (His168/His318). Electronic density in that region of the
pore was observed in RhCG crystals and attributed to a water
molecule. Although both the threonine side chain and the water
molecule present a hydroxyl group at similar positions, their
mobilities are different and can potentially differentiate the
two pores. Finally, in RhCG, a phenylalanine (Phe74) occupies a
large portion of the pore at the level of the two signature histidine
residues, whereas the pore of AmtB is unobstructed.
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Among contentious elements is the possible presence of water
molecules in the pore lumen of the ammonium transporters.15 As
we have shown in a previous study, water molecules in the pore
can stabilize the charged NH4

+ and conduct a proton, allowing
for electrogenic transport in AmtB.16Water molecules could thus
be determinant for the transport mechanism.
To better understand the similarities and differences between

the Amt and Rh proteins, we perform molecular dynamics
simulations of the AmtB and RhCG proteins. More specifically,
we compare the ammonia and water occupancies in the pore
of the two transporters. The simulations uncover important
differences, notably at the level of the pore lumen, which is
hydrophobic in RhCG but hydrophilic in AmtB. The RhCG
simulations also reveal a pore exposing the histidine dyad to
extracellular bulk water. Our study suggests that two distinct
mechanisms sustain ammonium permeation in Amt and Rh
proteins.

■ MATERIALS AND METHODS
Simulation Systems. The crystal structure from PDB entry

1U7G was used for the simulations of AmtB.7 Residues Ser68,
Pro126, and Leu255 were mutated to the corresponding amino
acids in the wild-type (WT) sequence (F68, S126, and K255).
Two protonation states for the histidine dyad His168/His318
were considered. In the first protonation state, hydrogen atoms
are positioned on Nδ of His168 and Nε of His318. In the second
protonation state, hydrogen atoms are on Nε of His168 and Nδ

of His318. Membrane−protein systems were built using the
CHARMM-GUI web service.17 A membrane bilayer composed
of 289 dimyristoylphosphatidylcholine (DMPC) lipids was
assembled around the trimeric AmtB structure and solvated
with more than 20 000 TIP3P water molecules. Ions (55 K+ and
61 Cl−) were added to reproduce a 0.15 M KCl concentration
and to obtain a neutral system. The tetragonal unit cell of 114 ×
114 × 90 Å3 contains about 120 000 atoms.
The RhCG system was built following the same procedure,

using PDB entry 3HD6. The structure of two missing loops
(residues 35−52 and 362−383) was modeled using cyclic
coordinate descent (CCD) loop modeling method18 imple-
mented in the Rosetta program.9 The histidine dyad
in the pore is neutral with hydrogen atoms positioned on Nδ

of His185 and Nε of His344. (By analogy with AmtB, this pro-
tonation state is assumed to be the functional form of the pore.)

The RhCG trimer is surrounded by a membrane bilayer of 321
DMPC lipids, solvated by 21 407 TIP3P water molecules and
0.15 M KCl. The system containing 121 237 atoms holds in an
orthogonal box of 115 × 122 × 83 Å3. The systems for the AmtB
and RhCGmutants were constructed by changing the side-chain
atoms of the targeted amino acid in the equilibrated wild-type
systems.
All systems were equilibrated using CHARMM (version

c34b2)19 and simulated for 100 ns using the NAMD simulation
package (version 2.7b4) 20 with the CHARMM 27 force field.21

Particle-mesh Ewald method 22 was applied for the calculation of
electrostatic interactions with a grid spacing of 1 Å. The cutoff
distance for van der Waals interactions was taken at 12 Å with a
switching function starting at 10 Å. Time step for the integra-
tion of the motion was set to 1 fs. Short-range nonbonded
interactions were calculated every 2 steps and long-range
interactions every 4 steps. Simulations were performed in an
isothermal−isobaric ensemble with a pressure of 1 atm and a
temperature of 315 K. Parameters for ammonia (NH3) were
taken from the optimized potentials for liquid simulations
(OPLS) model.23 According to this model, the free energy of sol-
vation of NH3 in TIP3P water molecules is 2.7 kcal/mol higher
than that of H2O, comparable to the experimental free energy
difference of 2.0 kcal/mol.24 If the small difference has an impact on
the simulations, it would bias our results toward a higher occupancy
probability of NH3 in the hydrophobic pore of the transporters.

Free-Energy Perturbation Calculations. Free-energy
perturbation (FEP) simulations 25 were used to calculate the
free energy difference between water and ammonia for different
occupancy states of the AmtB pore. For these FEP calculations
performed with NAMD, the molecular system contains a hybrid
residue representing simultaneously both an ammonia and a
water molecule. Interactions of the atoms of this residue with
surrounding atoms are scaled by a thermodynamic parameter λ.
When λ = 0, only the interactions of the water molecule with
surrounding atoms are considered, whereas only the interactions
of ammonia molecule are considered when λ = 1. A linear
combination of these interaction energies is applied when λ is
between 0 and 1. There is no interaction between the ammonia
and water molecules, except that their heavy atoms are linked by
a harmonic tether with a force constant of 500 kcal/(mol·Å2).26

The reaction coordinate (λ) in the FEP simulations is dis-
cretized into windows of width 0.1 for λ ranging from 0.1 to 0.9
and these windows were simulated for 200 ps (first 20 ps for
equilibration). At the end points, λ was progressively increased
with windows at 0, 0.001, 0.01, 0.05, and 0.95, 0.99, 0.999, 1 that
were simulated for 100 ps (first 10 ps for equilibration).
For each perturbation calculation, the combined forward and
backward simulations amounted to a total simulation time of
4.8 ns. Free energy differences and statistical errors were cal-
culated by combining the forward and backward configurational
ensembles using the Bennett acceptance ratio (BAR) method as
implemented in the ParseFEP toolkit27 of the VMD visualization
platform.28

FEP simulations were performed with a monomeric AmtB
system, containing 185 DMPC, 33 K+, and 35 Cl−, for a total
of about 67 000 atoms (box size 92 × 78 × 92 Å3). In the FEP
simulations, the hybrid residue and water molecules were
restrained along the z-coordinate (normal to the membrane)
to maintain them in a single file. For each site, a harmonic flat-
bottom restraint defined in function of the distance to the center
of mass of the Cα of His168 andHis318 was applied. Figure S1 of
the Supporting Information illustrates the boundaries beyond

Figure 1. Details of the pores of the AmtB (a) and RhCG (b) proteins
(PDB entries 1U7G and 3HD6). (a) Electronic density in the pore
lumen of AmtB was attributed to three ammonia molecules putatively
diffusing in single file. (b) In RhCG, electronic density just aboveHis185
was attributed to a water molecule. In both schemes, the extracellular
side is upward.
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which the restraint is effective for each site. The perturbation
calculations in bulk water were performed on a system containing
284 water molecules with dimensions of 20 × 20 × 20 Å3 at a
constant pressure of 1 atm.

■ RESULTS
Stability of Ammonia Molecules in the Pore of AmtB.

To first investigate the stability of ammonia molecules in the pore
of AmtB, we performed a simulation of the AmtB trimer starting
with three ammonia molecules placed in each pore at positions
corresponding to experimental electron density maxima. In all
monomers, all three ammonia molecules leave the pore (some
after only a few nanoseconds of simulation, others after 80 or
90 ns). At the end of the simulation, the pores of two of the
three monomers are filled with three or four water molecules
(Figure 2a). In monomer A, in the last few nanoseconds of the
100 ns simulation, a water molecule inserts between the two
histidines residues. A similar conformation is more extensively
sampled in another simulation (see Figure 3c below). Overall,
the trajectories presented in Figure 2 show that ammonia
molecules are metastable in the AmtB pore and are replaced by
water molecules on the time scale of the simulation.
Stability of Water Molecules in the Pore of AmtB. To

confirm water stability in the AmtB pore, two additional
simulations of the trimeric system were performed, with and
without water molecules initially present in the pore. Water
molecules that were placed beforehand in the pore undergo
many exchanges with water molecules from the cytosolic
vestibule (see Figure S2 of the Supporting Information).
In simulations in which the pore was initially empty, water
molecules are seen entering the pores and occupying up to four
distinct binding sites. Figure 3a shows conformations of water
molecules inside the pore at the end of a simulation of the
AmtB trimer initiated with three empty pores. The time series of
Figure 3b,c show that water molecules filled up the pore in less

than 10 ns in monomers A and B. In monomer C, three water
molecules fill up the pore after about 35 ns. In this situation,
water molecules usually form a stable chain as illustrated in
Figure 3a. Water molecules exchange positions many times over
the whole simulation, with entry and exit of some of them.
All movement of water molecules in and out of the pore happen
from the intracellular side, except one event (see Figure 3d, at
t ≈ 55 ns). This shows that the gate formed by the Phe residues
on the extracellular side of the pore has extremely low
permeability to water, in agreement with experiments showing
that AmtB does not conduct water.7 In monomer B, a water
molecule intercalates between the two histidine residues in the
interval t = 30−40 ns, and again starting at t = 60 ns (see Figure 3c).
The water molecule is metastable in this position and is replaced a
few times over the remaining 40 ns. When a water molecule is
found between residuesHis168 andHis318, the two side chains are
farther away from each other, and His168 Nε is no longer in
position to stabilize water molecules in the pore. Once the
intercalated water molecule leaves, the two histidine side chains
regain their initial conformation. Figure 4 presents the density
profile describing the average water occupancy in AmtB extracted
from the simulation initiated with empty pores. The density profile
for each monomer is shown in Figure S3 of the Supporting
Information.
We also performed simulations of the AmtB trimer

considering an alternative protonation state of the histidine
dyad with hydrogen atoms on Nε of His168 and Nδ of His318,
without water molecules initially bound to the pore. The density
profile (reported in Figure 4) shows that water molecules are less
stable for this reverse protonation state than for the canonical
state, in agreement with our previous work.15 Nevertheless,
a water chain of three or more water molecules is observed for
a non-negligible fraction of the simulation time for the reversed
protonation state, which would allow proton diffusion as recently
proposed.16 The standard deviation of the density profiles,

Figure 2. Simulation of AmtB initiated with three ammonia molecules in each pore. (a) Configurations at the end of the simulation showing key residues
and water molecules in the pore for all three monomers. (b)−(d) Positions along Z-axis of ammonia and water molecules in the pore of monomers A, B,
and C. Z = 0 corresponds to the center of mass of the protein. Some water molecules entering the pore only briefly are not shown in the time series.
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calculated by dividing the simulations in five intervals, is shown in
Figure S4 of the Supporting Information.
Relative Stabilities of Water and Ammonia in the Pore

of AmtB. The simulations presented above suggest that NH3
and H2Omolecules may both occupy the pore of AmtB. To have
a more precise idea of their relative stability, we have performed
FEP calculations in which a water molecule is alchemically
transformed into an ammonia molecule both in water bulk and
in the pore of AmtB. The free energy difference between

transferring an ammonia (A) or a water (W) molecule from the
bulk to the pore can be expressed as

ΔΔ = − − −

= − − −

= Δ → − Δ →

G G G G G

G G G G

G G

[ (A ) (A )] [ (W ) (W )]

[ (A ) (W )] [ (A ) (W )]

(W A ) (W A )

pore bulk pore bulk

pore pore bulk bulk

pore pore bulk bulk

(1)

The perturbation calculation in the bulk water system in which
a water molecule is alchemically transformed to ammonia
(second term of eq 1) yields a free energy difference of +2.7 ±
0.1 kcal/mol (BAR estimate), comparable to the difference
of experimental solvation free energy for water and ammonia of
+2 kcal/mol.24 Several similar FEP calculations were performed
in the pore (first term of eq 1) with various occupancy states. For
these calculations, water and ammonia molecules in the pore
were restrained to their respective binding sites (see Materials
and Methods). Results from these calculations are reported
in Table 1. The free energy differences for transforming a water
molecule into ammonia in the pore are between 0.9 and 4.0 kcal/
mol. The average of the different perturbation calculations is
+2.8 kcal/mol, which yields an average free energy difference
between the transfer of water and ammonia from bulk water to
the pore, ΔΔG, of about +0.1 kcal/mol. Given the uncertainty
of the calculations it implies that, on average, the transfer of a
water molecule from bulk water into the pore is energetically
equivalent to the transfer of an ammonia molecule. These results
are comparable to those of Luzhkov et al.,29 who calculated
a ΔΔG of +2.0 kcal/mol for the transformation aaa → waa,
whereas we report +1.0 kcal/mol (Table 1). Accordingly,
potential of mean force calculations by Lin et al. have shown
little difference between the energetics of ammonia and water in

Figure 3. Simulation of AmtB started with empty pores. (a) Configurations of water molecules in the pores of all monomers at the end of the simulation.
(b)−(d) Positions along the Z-axis of water molecules in the pore of monomers A, B, and C. Traces that are not labeled in the legend correspond to
water molecules. Z = 0 corresponds to the center of mass of the protein.

Figure 4.Water occupancy in pore of different constructs of AmtB and
RhCG. In all cases, histograms were calculated from 100 ns simulations
initiated with empty pores and averaged over the three monomers. The
Z position was calculated relative to the center of mass of the Cα of the
two histidines residues lining the pore. The gray dashed lines indicate
the position of the Nε atoms of these two histidines. The solid lines
correspond to the position of the Cα of the two phenylalanines on the
extracellular side of the pore. The meaning of the arrow is described in
the text.

Biochemistry Article

dx.doi.org/10.1021/bi400015f | Biochemistry 2013, 52, 7091−70987094



the pore of AmtB.30 Ullmann et al. also found comparable
binding free energies for ammonia and water in sites S1−S4 of
Amt-1 from Archaeoglobus fulgidus through the use of Monte
Carlo simulations.31

However, the binding free energy difference is not the only
factor determining the probability of observing either water or
ammonia molecules in the pore of AmtB. The concentration
of both molecules in the environment of the transporter needs
to be taken into account as well. We can incorporate the effect of
concentration using the following Boltzmann relation:

= −ΔΔP

P
[NH ]
[H O]

e G k TNH

H O

3

2

/3

2

B

(2)

where PNH3
/PH2O is the relative binding probability of ammonia

versus water in the pore of AmtB, [NH3]/[H2O] is the ratio of
ammonia and water concentrations in solution, ΔΔG is the
binding free energy difference between water and ammonia, kB is
the Boltzmann constant, and T is the temperature.
For a hypothetical concentration of 1 mM for NH3, which is

high considering that the AmtB transporter is reportedly ex-
pressed at NH4

+ concentrations of 50 μM or less,32 we get a rela-
tive probability of PNH3

/PH2O = 1.5 × 10−5, with [H2O] = 55 M,
ΔΔG = 0.1 kcal/mol, and kBT (315 K) = 0.626 kcal/mol. With
ΔΔG = −1.9 kcal/mol corresponding to the most favorable
transfer of ammonia to the pore of AmtB (first line of Table 1),
the relative probability is PNH3

/PH2O = 3.8 × 10−4.
Thus, even in artificially high ammonia concentration

corresponding to 10 times the one expected in the crystallization
experiments of Khademi et al.,7 the probability of finding an
ammonia molecule in the pore of AmtB is less than a thousandth
of that of a water molecule. The probability of finding three
ammonia molecules in the pore would be a factor 10−10 lower
than that of finding three water molecules. Taken together, the
simulations and free energy calculations suggest that the pore of
the AmtB transporter in its resting state is occupied by water
molecules for a non-negligible fraction of the time, and that the
presence of NH3 is highly unlikely.
Stability of Ammonia andWater Molecules in the Pore

of RhCG. To assess the stability of ammonia molecules in the
pore of the RhCG protein, we performed a simulation starting
with three ammonia molecules bound to the pore. Figure 5a
displays the final conformation of molecules in the pore of the
three monomers. The time series in Figure 5b,d shows that the
three ammonia molecules leave the pore in all three monomers.
In monomer A, an ammonia molecule stays in the vicinity of the
pore, just below His344. Contrary to what was observed for
AmtB, the pores remain mostly empty. In monomer A, transient

visits of NH3 and H2O are seen, with a higher frequency in the
first half of the simulation. In monomer C, the two histidines
lining the pore (His185/His344) rotate and expose a polar
nitrogen to the pore lumen, attracting water molecules (see
Figure 5d). The stabilization of water molecules in the pore
favors the reorientation of the Phe74 side chain. In AmtB, the
rotation of the histidine dyad was considered as a potential
mechanism allowing for proton transport in the pore, but free
energy calculations suggest that it is energetically prohibitive.16

Whether such conformational change could play a role in the
transport of ammonium in RhCG remains to be seen and will
require further calculations.
We also carried out a simulation of RhCG starting with empty

pores. Analysis of the trajectory shows that although water
molecules can occasionally enter the pore, they cannot find stable
positions and even less form a chain of three or more molecules.
No rotation of the two histidines and water stabilization were
observed in this second simulation. The density profile presented
in Figure 4 illustrates that only a small number of water molecules
are found in the pore at the level of the histidine dyad. Figure 6a
shows the final conformation of the pore and water molecules in
its vicinity for each monomer. A simulation initiated with water
molecules in the pores yielded similar results (see Figure S4b of
the Supporting Information). Interestingly, in all monomers,
a water molecule is seen forming a hydrogen bond with His185
and the carbonyl group of Gly179, occupying a position also
identified by X-ray crystallography (see Figure 1b). The
simulations further reveal that a chain of water molecules can
transiently form between His185 and the extracellular bulk
(Figure 6b,c), which opens a direct access to His185. Such
conformation is not observed in AmtB, in which access to His168
is blocked by two stacked phenylalanine residues. A comparison
of the X-ray structures of RhCG and AmtB reveals subtle but
important differences between the two proteins in that region of
the pore. First, in the conformations captured by X-ray
crystallography, the aromatic rings of the two phenylalanine
residues at the entrance of the pore are parallel in AmtB but
perpendicular in RhCG (see Figure 1). These conformations
remain predominant during the MD simulations for AmtB and
RhCG (Figures S5 and S6 of the Supporting Information).
Second, in AmtB, Thr273 makes a hydrogen bond with Trp212
and occasionally with His168 during simulations, whereas in
RhCG a water molecule is found at that position that interacts
with both His185 and Trp232. Simulations show that this water
molecule can also form a hydrogen bond with water molecules at
the level of the two phenylalanine residues (Phe130/Phe235).

Simulation of AmtB and RhCG Mutants. The simulations
reported above suggest that residue Phe74 prevents the
formation of a stable water chain in the pore of RhCG. Sequence

Table 1. Free Energy of Various Perturbations in the Pore of AmtB (in kcal/mol)

perturbationa forward backward average BAR estimate ΔΔG

www → aww 1.7 −1.6 1.6 0.9 ± 0.1 −1.8 ± 0.2
aww → aaw 3.2 −4.1 3.6 2.5 ± 0.2 −0.3 ± 0.3
aaw → aaa 3.4 −3.5 3.4 3.7 ± 0.1 1.0 ± 0.2
www → wwa 3.9 −4.7 4.3 3.5 ± 0.1 0.7 ± 0.2
wwa → waa 4.6 −3.6 4.1 4.0 ± 0.1 1.3 ± 0.2
waa → aaa 2.4 −0.9 1.6 1.7 ± 0.2 −1.0 ± 0.3
www → waw 3.6 −3.2 3.4 3.6 ± 0.2 0.9 ± 0.3
awa → aaa 3.7 −3.8 3.7 2.9 ± 0.1 0.2 ± 0.2

aTriplets denote the occupancy state of sites S1, S2, and S3 as identified in Figure S1 of the Supporting Information (w = H2O, a = NH3). ΔΔG =
(BAR estimate) − 2.7 ± 0.1 kcal/mol, as defined in the text.
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and structure alignments indicate that residue Phe74 in RhCG
corresponds to residue Ile28 in AmtB.14 We hypothesized that
amino acids at these positions are determinant for the formation
or absence of a water chain in the pore lumen and that mutating
the amino acids could confer the properties of one transporter to

the other. We thus simulated both the I28F mutant of AmtB and
F74I mutant of RhCG with the pore lumens initially empty. For
most of the AmtB I28F mutant simulation, two water molecules
are present in the pore (Figure 7a). As illustrated by the density
profile in Figure 4, the presence of the phenylalanine does not on
its own prevent water molecules from occupying the pore, but it
significantly decreases the water density in its lower part (arrow
on Figure 4) and by the same occasion the probability of
observing a continuous chain of water. The hydration of the
upper part of the pore seems to be favored by the polar Nε atom
of His168, which faces the pore lumen and helps stabilizing a
water molecule. On the other hand, a continuous water chain is

Figure 6. Simulation of RhCG started with empty pores. (a) Final
configuration of the molecules in the pore for each monomer after 100
ns of simulation. All three pores remained empty, while a water molecule
was seen above His185 at the position of a crystallographic water (see
Figure 1). (b), (c)Water molecules observed in greater number in upper
part of pore, forming a discontinuous (b) or continuous (c) chain. The
presence of these water molecules suggests that an NH4

+ molecule from
the extracellular bulk could reach His185.

Figure 7. Representative configurations from the AmtB I28F, RhCG
F74I, and RhCG F74S mutant simulations. (a) In the pore of
the I28F mutant of AmtB, a constriction at the level of His318 and
Phe28 prevents the formation of a water wire. Water molecules
are, however, frequently seen in the upper part of the pore. (b)
Reciprocally, in RhCG, replacing Phe74 by an isoleucine residue
allows the formation of a water wire spanning the whole pore lumen.
This configuration is often observed but not as frequently as in AmtB
WT. (c) Such a water chain is more frequently observed in the pore of
RhCG F74S, where water molecules are even more stable and
numerous than in AmtB WT.

Figure 5. Simulation of RhCG performed with three ammonia molecules initially bound to each pore. (a) Configuration of the pore at the end of the
simulation for all three monomers. (b)−(d) Positions along the Z-axis of ammonia and water molecules in the pore of monomers A, B and C. Z = 0
corresponds to the center of mass of the protein. A few ammonia and water molecules are seen going back and forth inmonomer A. No such transition in
seen in monomer B. In monomer C, a configuration is observed in which F74 is tilted down, which allows two water molecules to occupy the pore.
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observed for most of the simulation time in one monomer of the
RhCG F74I mutant (Figure 7b). However, the lack of a polar
group facing the pore, such as His168 Nε in AmtB, seems to limit
the overall hydration of the pore (Figure 4).
Interestingly, in the related RhAG protein, mutation of the

equivalent phenylalanine residue to a serine (F65S) is associated
with overhydrated hereditary stomatocytosis (OHSt) of red
cells, which is a hemolytic anemia characterized by monovalent
cation leaks.33,34 We have performed a 100-ns long simulation of
the RhCG F74S mutant. In all three monomers, water molecules
occupy the pore in a large enough amount to potentially
accommodate a cation (Figure 7c). The pore of the RhCG
F74S mutant is more hydrophilic than that of wild-type AmtB
(Figure 4) and stabilizes water molecules through a distinct
hydrogen-bonding scaffold (see also Figure S7 of the Supporting
Information). In conclusion, the presence of a phenylalanine in
the pore of RhCG at the level of the histidine dyad has a direct
impact on the hydration of the pore. Moreover, the histidine
residues on the extracellular side (His168 in AmtB and His185 in
RhCG) do not have the same environment and favor different
hydration patterns of the pore. In RhCG, His185 contributes to
the stabilization of water molecules at the level of the two
external phenylalanine residues and not at the level of the two
signature histidines; it is the opposite for His168 in AmtB.

■ DISCUSSION
To better understand the transport mechanism in the related but
functionally different AmtB and RhCG transporters, we have
performed simulations under different occupancy states of the
pore of both proteins. The simulations and free energy
calculations show that, contrary to what is often assumed, the
pore of the AmtB protein is more likely to be occupied by water
molecules than by ammonia. Because the concentration of water
is much larger than that of ammonia, the probability of finding a
water molecule at any binding site of the pore is at least 2.6 × 103

times that of an ammonia molecule according to our estimates
(using the binding energy differences from Table 1 and assuming
an NH3 concentration of 1 mM). The low binding affinity of the
pore for ammonia molecules, comparable to that for water
molecules, combined with the low concentration of ammonia
implies that the permeation in AmtB cannot be described as a
single file diffusion of ammonia, as was proposed on the basis of
X-ray diffraction data.7 The presence of electronic density in the
pore of AmtB observed in crystals grown without ammonium salt
supports the idea that the pore lumen can be occupied by water
molecules.8,15 As was shown previously, these water molecules
contribute to the stabilization of NH4

+ in site S2, from where it
can spontaneously transfer a proton to His168 and diffuse as
NH3.

16 The present work confirms that a chain of water can
transiently form in the pore of AmtBwhen the histidine dyad is in
its reverse protonation state. Such a chain could serve as a proton
wire from His168 to His318, allowing for the reset of the
histidine dyad protonation state in an electrogenic transport
involving the cotransport of NH3 and H+.16

Our simulations of RhCG have shown that NH3 can diffuse
freely in and out of the pore, in agreement with free energy
calculations performed on Rh50, another Rhesus transporter of
known structure.35 In contrast with AmtB, the water occupancy in
the pore is much less in RhCG. The presence of a phenylalanine,
strongly conserved in the Rh protein family, occupies a large
portion of the pore at the level of the histidine dyad and prevents
the formation of a stable water chain. This residue is, however, not
the only determinant of the pore hydration. The fact that the polar

nitrogen of His185 is pointing toward the extracellular bulk rather
than toward the pore lumen, like His168 in AmtB, seems to also
contribute to the reduction of the hydrophilicity of the pore.
If His185 has access to water molecules coming from the
extracellular bulk, it is less likely to be available for interaction with
water in the hydrophobic pore. Thus, the electrogenic transport
mechanism proposed for AmtB may not apply to RhCG, in line
with the generally accepted idea that Rh proteins sustain an
electroneutral transport of ammonia. Interestingly, the RhCG
mutant F74S (and to a lesser extent F74I) leads to a higher
hydration of the pore and the formation of a water chain at the
level of the histidine dyad similar to the one observed in AmtB.We
surmise that these mutants could potentially sustain electrogenic
transport, though we have not attempted here a full description of
the energetics underlying the permeation mechanism. The
increased hydration of the pore as observed in the simulation of
RhCGF74S can potentially explain the permeation of monovalent
cations reported for the homologous RhAGF65Smutant, which is
characteristic of overhydrated stomatocytic red blood cells.33,34

The transport mechanism in wild-type RhCG remains
unresolved, but our simulations suggest some elements of
answer. Contrary to what is observed in AmtB, the upper part of
the RhCG pore, at the level of Phe130 and Phe235, is partially
hydrated, allowing a continuous chain of water molecules to form
between His185 and the extracellular water bulk (Figure 6c).
His185 seems to be optimally placed to accept a proton from an
incoming NH4

+, which could further diffuse down the pore as
NH3. Further investigation will be required to elucidate the
complete permeation mechanism in RhCG. Nevertheless, our
simulations and free energy calculations suggest that small
variations in the sequence of ammonium transport proteins,
notably at the level of their pore lumen, might have important
functional consequences.
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