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ABSTRACT: Mo-dependent nitrogenase catalyzes the biological reduction
of N2 to two NH3 molecules at FeMo-cofactor buried deep inside the MoFe
protein. Access of substrates, such as N2, to the active site is likely restricted
by the surrounding protein, requiring substrate channels that lead from the
surface to the active site. Earlier studies on crystallographic structures of the
MoFe protein have suggested three putative substrate channels. Here, we
have utilized submicrosecond atomistic molecular dynamics simulations to
allow the nitrogenase MoFe protein to explore its conformational space in an
aqueous solution at physiological ionic strength, revealing a putative
substrate channel. The viability of this observed channel was tested by
examining the free energy of passage of N2 from the surface through the channel to FeMo-cofactor, resulting in the discovery of a
very low energy barrier. These studies point to a viable substrate channel in nitrogenase that appears during thermal motions of
the protein in an aqueous environment and that approaches a face of FeMo-cofactor earlier implicated in substrate binding.

Mo-dependent nitrogenase, the most prevalent of the
nitrogenase enzymes, catalyzes the reduction of N2 to

two NH3 molecules, with an optimal reaction stoichiometry
shown in eq 1.1,2
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The nitrogenase complex is composed of the Fe protein and
the MoFe protein.1 The Fe protein contains a single [4Fe−4S]
cluster and two adenosine triphosphate (ATP) binding sites.3 It
functions to deliver electrons to the MoFe protein, one at a
time, during the transient association of the two proteins with
the coupled hydrolysis of the two ATP molecules to two
adenosine diphosphate (ADP) and two phosphate (Pi).

1,4−6

The heterotetrameric MoFe protein (α2β2) houses two
different types of metal clusters. The [8Fe−7S] P cluster is
located near the Fe protein binding interface and is proposed to
function as an electron carrier between the Fe protein and the
active site [7Fe−9S−1Mo−C−R-homocitrate] FeMo-cofactor
contained within the MoFe protein.7−11 FeMo-cofactor is
buried deep (15.5 Å below surface) within each α subunit of
the MoFe protein. Although the known substrates for nitro-
genase are relatively small molecules (e.g., N2, C2H2),

1,12,13 it
has been proposed that access of these substrates to the active
site is highly restricted by the surrounding protein ma-
trix.7,8,14,15 Such restrictive access of small molecules to the
buried active site of several other metalloenzymes has been
validated through calculations and experimentation.16−20

Earlier studies on nitrogenase that explored possible
substrate channels from the surface of the MoFe protein to

the active-site FeMo-cofactor have utilized structures derived
from X-ray crystal studies.7,16,17,21 Three putative channels have
been proposed from such studies, starting from MoFe pro-
tein surface residues β-513Gln, α-106Val, or α-104Thr.16−18,22

Although different methods were used to identify the putative
channels in these studies, all utilized static protein structures. A
separate proton relay system starting at α-281Tyr on the surface
was proposed as a possible pathway for proton delivery to
FeMo-cofactor.17 In one of the studies, amino acid substitutions
were made in the proposed channel, and the effects on sub-
strate reduction rates were examined.16 The results were con-
sistent with the conclusion that the proposed pathway func-
tioned to control access of some substrates to the active site.
Protein structures are dynamic, and the range of motions

experienced by a protein might impact substrate channels. For
some proteins, substrate channels may be apparent only during
thermal motion in a physiological environment. To explore this
possibility for the nitrogenase enzyme, we have applied
submicrosecond molecular dynamics simulations to the MoFe
protein of nitrogenase, allowing the protein to equilibrate under
ambient conditions in an aqueous environment under realistic
ionic strength conditions. Similar simulations, in conjunction
with experimental measurements, have proven to be valuable in
understanding gas transport in other metalloproteins, such as
O2 and H2 diffusion through enzymes.23−25 We have found
that a putative substrate channel within the MoFe protein is re-
vealed that was not apparent in the crystallographic structure.
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To test the viability of this channel, the thermodynamics for the
translocation of a N2 molecule from the surface to the active-
site FeMo-cofactor through the channel is reported.

■ METHODS
Model Building. Starting coordinates were taken from a

1.0 Å resolution X-ray structure of MoFe protein from
Azotobacter vinelandii (Protein Data Bank ID 3U7Q).10 The
MoFe protein (α2β2 tetramer) contains 52 histidine residues,
26 in each αβ dimer. The protonation state of the histidines
was determined using PropKa26 and visual inspection. On the
basis of this analysis, histidines 80 and 195 of chains A and C
(α1 and α2) and histidines 193, 311, 363, 392, 396, and 429 of
chains B and D (β1 and β2) were protonated at Nε, histidines
90 and 359 of chains A and C were protonated at both Nδ and
Nε, and the rest were protonated at Nδ. The initial structure
contains two calcium ions, two magnesium ions, and 2602
embedded water molecules that were included in the model.
The protein was inserted into a rectangular box filled with
water molecules (162 × 131 × 118 Å3), which was based on a
minimum clearance of 15 Å between solute atoms and the sides
of the box. To neutralize the system and to model experi-
mentally realistic solvent conditions, 273 sodium ions and 227
chloride ions were added by replacing bulk solvent atoms to
achieve 0.15 M ionic strength (the embedded water molecules
from the initial X-ray diffraction structure were not replaced
with ions). The total number of atoms is 253 357.
Potential Energy Function Setup. Knowledge of the

potential energy term for each atom is a prerequisite to classical
molecular simulations. We used the AMBER03 force field to
describe the protein potential energy terms27 and the TIP3P
model for water molecules,28 and we derived parameters for the
[8Fe−7S] and [7Fe−9S−Mo−C] clusters and attached ligands
(homocitrate, cysteinates, and the Mo-bound histidine). Model
metal clusters representative of the resting state were built by
truncating protein ligands at Cα and replacing them with a
hydrogen atom. Equilibrium bond lengths and angles for the
metal clusters and immediately attached groups were taken
from the initial structure, and stiff bond (kr) and angle (ka)
force constants were used to maintain the initial atomic con-
figuration (kr = 500 kcal mol−1 Å−2, ka = 200 kcal mol−1 rad−2).
Metal cluster dihedrals were not included in the model. Bond,
angle, and dihedral parameters for homocitrate were derived
using the generalized AMBER force field (GAFF).29 Atom-
centered charges were calculated by restrained electrostatic
potential fitting (RESP)30 to DFT (density functional theory)
electrostatic potentials using the BLYP DFT functional, the
6-31G* basis on all C, N, O, S, and H atoms, and a double-ζ
basis set on metal ions.31 The resulting atom-centered charges
and additional charge-fitting details are included in the
Supporting Information. Nickel and iron Lennard−Jones
parameters were taken from Smith et al.,32 and unknown Mo
Lennard−Jones parameters were copied from Ni (which is a
reasonable approximation because the Mo ion is coordinated to
six atoms: sulfur atoms, homocitrate, and protein histidine).
The nitrogen substrate (N2) is a neutral, linear, symmetrical
molecule with a permanent quadrupole moment. The quadru-
pole moment was modeled with three point charges arranged
along the N−N bond, two on the N atoms, and one on the
center of mass of the molecule. The potential parameters for
the N2 potential were taken from ref 33.
Equilibration and Molecular Dynamics. All classical

simulations were done using GROMACS 4.5.5 programs.34

The solvated structure of nitrogenase was energy-minimized to
a maximum atomic force tolerance of 24 kcal mol−1 Å−1, and
this energy-minimized structure was used as the starting
structure for equilibration. All equilibration molecular dynamics
simulations were done at constant temperature (300 K) and
pressure (1 atm) maintained using a modified Berendsen
thermostat and barostat.35 The system was gradually heated to
300 K by performing fifteen 250 ps long consecutive
simulations. In the first simulation, non-hydrogen atoms were
restrained using harmonic position restraints with a force constant
of 2.4 kcal mol−1 Å−2, and the temperature was set at 100 K. In
the next four steps, the temperature was increased in 50 K
increments to 300 K. Then, restraint forces were gradually
reduced to zero in 10 consecutive runs. The system was then let
free to evolve for 100 ns with temperature and pressure
maintained with the Nose−́Hoover thermostat36 and Parrinello−
Rahman barostat.37 All of the simulations were carried out using
an integration time step for the equations of motion of 2 fs, and
all of the bonds involving H atoms were kept fixed.38

Trajectory Analyses. To assess convergence of atomic
fluctuations and to examine backbone and side-chain move-
ments relevant to substrate penetration, the following trajectory
analyses were performed: (1) thermal-averaged atom-to-atom
root-mean-squared deviation (rmsd) from the initial structure
as a function of time for protein backbone atoms after super-
imposing backbone atoms; (2) normal-mode analysis based on
covariance analysis of backbone atoms displacements; (3)
minimum distance between selected groups of atoms along the
channel as a function of time; (4) analysis of channel-lining
residues using the Hollow1.2 Python program39 (0.02 Å grid
spacing and 1.4 Å probe radius); and (5) structure visualization
and trajectory animation using Visual Molecular Dynamics
(VMD 1.9.1).40 The rmsd stabilizes after 20 ns (Figure S1) and
consequently all properties were calculated averaging on the
trajectory segment from 20 to 100 ns.

Free Energy for N2 Uptake. Umbrella sampling
simulations41 were performed to assess the thermodynamic
feasibility of N2 insertion into the observed channel deduced
from the molecular dynamics trajectory. The free energy for the
N2 uptake was calculated along distance, r, between the FeMo-
cofactor central carbide atom and the center of mass of the
surface protein residues at the channel entrance. Transient
contacts between these residues can influence substrate access
and consequently the energetics for N2 could be biased by the
selected initial configuration. For this reason, two different
simulations were performed starting from configurations ex-
tracted from the molecular dynamics trajectory. In one config-
uration (referred to hereafter as open), the surface residues are
separated (defined by the closest distance between residues),
and in the other (the closed configuration), the surface residues
are in close proximity. To generate initial umbrella sampling
window configurations (N2 positions along the channel), con-
tinuous pulling calculations were done for each initial
configuration (open and closed) by placing the N2 substrate
25 Å from the FeMo-cofactor central carbide and pulling the
N2 toward the interstitial carbide (C) at a rate of 0.02 Å ps−1

using a harmonic biasing potential with a force constant of
12 kcal mol−1 Å−2. The positions of the umbrella sampling
windows were selected from these continuous pulling trajec-
tories with C−N2 distances of between 4 and 24 Å, with a 0.5 Å
spacing between 4 and 12 Å and a 1.0 Å spacing between 12
and 24 Å, for a total of 29 umbrella sampling windows for each
conformation (open and closed). Umbrella sampling molecular

Biochemistry Article

dx.doi.org/10.1021/bi401313j | Biochemistry 2014, 53, 2278−22852279



dynamics calculations were conducted for each configuration
using a harmonic constraint potential relative to each initial
spring position and a force constant of 2.4 kcal mol−1 Å−2.
Following 500 ps of equilibration, statistics were collected for
2 ns, corresponding to a total of 58 ns for each initial
conformation. The final free-energy profile (potential of mean
force, PMF) was calculated using statistical analysis of the
spring positions with the weighted histogram analysis
method.41 Errors were calculated using 200 bootstraps,42 and
the final 1D PMF plots were Jacobian-corrected by adding the
customary 2kBT ln(r) term.43 It is important to point out
that the concentration of N2 in the equilibrated simulation cell
(6 × 10−4 M) corresponds to the N2 concentration in water
under ambient conditions when the solution is saturated with
air. Therefore, the calculated free energy for N2 uptake corresponds
exactly to free energy under ambient conditions, and no additional
correction for concentration is needed.

■ RESULTS
Molecular Dynamics Simulations. Protein structures are

highly dynamic, and thermal fluctuations of amino acid residues
might modulate the access to core regions, disclosing access
channels not discernible from the analysis of crystallographic
structures. To examine this possibility in nitrogenase, we ap-
plied long-time-scale (submicrosecond) molecular dynamics
simulations to the MoFe protein under realistic conditions
(0.15 M ionic strength at ambient pressure and temperature).
General structural properties of the solvated MoFe protein and
convergence of the protein fluctuations are first discussed.
Upon solvation and equilibration, the thermal-averaged back-
bone atom-to-atom distance from the initial crystal structure
stabilizes to the value rmsd = 1.9 ± 0.1 Å after 20 ns of
simulation (Supporting Information Figure S1), a value in line
with typical values obtained from MD simulations and solution
NMR spectroscopy of globular proteins in aqueous solution.
The major differences between the protein structure in solution
and the initial structure are found in the unstructured regions
(loops) and chain-terminal residues (illustrated in Supporting
Information Figure S2). Also consistent with typical results
from MD simulations, there is a 6% increase of the solvent-
exposed surface with respect to the X-ray structure, which is
indicative of slight protein expansion in solution. Covariance
analysis44 (see the Supporting Information) shows that the
simulation is long enough to sample the relevant long-time-
scale structural fluctuations of the MoFe protein about
the equilibrium. Taken together, there is high confidence that
the force field and the overall simulation protocol are appro-
priate to capture thermally induced conformational dynamics of
the MoFe protein.
Appearance of a Possible Substrate Channel. The side

chains of α-281Tyr, α-277Arg, and α-383His are observed to
undergo significant movement during relaxation, creating a pos-
sible channel connecting FeMo-cofactor to the surface of the
protein. The side chain of α-281Tyr is close to the polar side
chains of α-277Arg (1.9 Å) and α-383His (3.8 Å) in the crystal
structure (Figure 1), with α-277Arg situated between α-281Tyr

and α-383His. During the protein expansion in the first 10 ns of
simulation at 300 K, the spacing between the surface residues
α-281Tyr and α-383His increases and allows α-277Arg to rotate
toward FeMo-cofactor and to form a hydrogen bond with it
(with a distance of 3.33 ± 0.58 Å between Arg(Nη1) and
FeMo-cofactor S1A), illustrated in Figure 2. In fact, α-277Arg

has previously been proposed to form a surface “flap”

controlling substrate access to the cofactor.7 As expected for
residues located on the surface of a protein, the side chains of
α-281Tyr and α-383His exhibit large-amplitude fluctuations and
dynamically alternate between closed and open structures
(Figures 1 and 2). Figure 2 shows the closest distance between
α-281Tyr and α-383His as a function of time for the α1β1 and
α2β2 holoproteins. On the time scale of our simulation, the
channel in the α1β1 unit alternates between a closed and open

Figure 1. Key residues near the channel entrance and FeMo-cofactor
in the initial crystal structure. The solvent is to the left of FeMo-
cofactor, showing the position of α-277Arg, α-281Tyr, and α-383His side
chains, which are hydrogen bonded in the initial crystal structure
(top). α-275Cys and α-442His residues are shown coordinated with
FeMo-cofactor, whereas the α-195His and α-70Val residues are shown to
highlight the relevant face of FeMo-cofactor. The nitrogenase protein
structure viewed from the same perspective is also shown (bottom),
with the substrate channel indicated with red arrows directed from
FeMo-cofactor. The protein is represented as a ribbon (cyan for α1
and α2 and green for β1 and β2), and carbon is shown in gray, oxygen,
in red, sulfur, in yellow, iron, in rust, and molybdenum, in magenta.

Figure 2. Fluctuation of the distance between residues α-281Tyr and α-
383His. The closest distance between α-281Tyr and α-383His is plotted
as a function of time. Top panel, α1β1 unit; bottom panel, α2β2 unit.
Open and closed conformations are noted.
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configuration more frequently than in the α2β2 unit. In both
units, the minimum and maximum distances between the
gating residues α-281Tyr and α-383His are similar (4 and 14 Å,
respectively). A surface representation of the initial x-ray
structure and open channel structure after simulation is reported
in Figure 3.
N2 Substrate Access Channel. The average nitrogenase

structure was used for channel analysis using the Hollow pro-
gram.39 In the average structure, the channel entrance is open.
Although α-195His Hε is hydrogen-bonded to FeMo-cofactor
S2B in the initial structure, this residue is actually quite flexible
and can also bind to S2A. In the average structure, α-195His Hε
is closest to S2A (2.6 Å), leaving S2B more exposed. There are
20 protein residues lining the channel between FeMo-cofactor
and α-281Tyr/α-383His from the Hollow analysis shown in
Figure 3C: α-49Asn, α-66Gly, α-70Val, α-71Val, α-190Ser, α-191Gln,
α-192Ser, α-193Leu, α-195His, α-196His, α-199Asn, α-277Arg,
α-278Ser, α-279Met, α-280Asn, α-281Tyr, α-357Gly, α-381Phe,
α-382Ala, and α-383His. The channel is shown in Figure 4A as
a solute-excluded grid between FeMo-cofactor and α-281Tyr/
α-383His.
This path leads to the proposed reactive face of FeMo-

cofactor, which is composed of the iron atoms Fe2, Fe3, Fe6,
and Fe7 (Figure 4). Importantly, residue α-70Val, which has
been shown to be important in substrate access to the catalytic
core,45−49 is part of this channel. These observations provide

further support to the possible role of the channel disclosed by
the molecular dynamics simulation in substrate passage to the
active site.

Free Energy for N2 Insertion. The energetics for N2
insertion was evaluated for both the closed and open channel
structures. Figure 5 shows the free-energy change for N2

movement along the putative channel. In the open config-
uration, N2 passes past α-281Tyr/α-383His unhindered. In the
closed conformation, N2 first encounters α-281Tyr, and it is
stabilized there by about 1 kcal mol−1. However, it can move
easily past α-281Tyr and α-383His (with a free-energy cost of
only about 1.5 kcal mol−1) and then continue along the same
path as in the open conformation toward FeMo-cofactor.
Once N2 comes within 10 Å of FeMo-cofactor (defined by the
distance to the central carbide ion), it moves into a vacant space
near S2B (r = 6 Å). The barrier holding N2 in place is only
0.8 ± 0.6 kcal mol−1. Starting from the r = 6 Å umbrella
sampling window in the open conformation, N2 was let free to
explore accessible states around this position for 2 ns. As
expected on the basis of the barrier and the available thermal
energy, N2 crosses the small barrier discussed above and moves
toward the entrance of the channel after a relatively short time
(800 ps) (Figure S3). However, in this short time, N2 explores
a relatively large portion of space around FeMo-cofactor on the
side of the channel (Figure 6). The simulation revealed
preferential interactions of N2 and α-His195, α-192Ser, and the

Figure 3. Surface representation of the proposed channel. Protein surface (A) in the starting x-ray structure and (B) in the open conformation at
76 ns. Both panels show surface representation of the 20 residues that constitute the channel, with α-70Val, α-195His, α-281Tyr, α-277Arg, and α-383His

residues shown in stick representation as well. (C) Transparent surface representation to highlight the channel in which all 20 residues of the channel
are shown in stick representation.
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S2B sulfur atom of FeMo-cofactor. During this simulation time,
N2 is also able to explore the space around iron atom Fe6 that
has been proposed to bind N2.
The simulations revealed that although α-His195 Hε is

hydrogen-bonded to FeMo-cofactor S2B in the initial structure,
this residue is actually quite flexible and can also bind to S2A. In
both initial conformations, α-His195 Hε is closer to S2A than to
S2B; the Hε-S2A and Hε-S2B distances are 3.4 and 5.1 Å in the

open conformation and 2.6 and 3.9 Å in the closed confor-
mation, leaving S2B more exposed.
In summary, the free-energy calculations show that the

proposed channel allows for easy access to FeMo-cofactor in
both the closed and open states. The overall activation free
energy under ambient conditions is 3.2 and 2.5 kcal mol−1 for
the two states, respectively. As a consequence of the high
flexibility of the protein residues near the cavity surface, there is
a very low activation free energy near r = 15 Å, the point at
which N2 displaces α-281

Tyr and α-383His.

■ DISCUSSION
By using explicit-solvent molecular dynamics simulations under
physiological-like ionic strength and ambient temperature and
pressure, we have observed side-chain fluctuations that open a
putative substrate channel access to FeMo-cofactor that is not
observable from the static crystal structures.10,50,51 During the
simulations, the nitrogenase backbone atoms maintained a
conformation similar to the initial crystal structure, whereas
side-chain fluctuations disclose a direct channel from the
surface to a face of FeMo-cofactor that has been implicated in
substrate binding.2,52,53 The channel described here and
proposed previously7 is gated by molecular motions of the
side chains of α-281Tyr and α-383His, which are hydrogen-
bonded to each other in the crystal structure but are flexible
during solution molecular dynamics. It was discovered that it
takes a few tens of nanoseconds to fluctuate between minimum
and maximum separation (the closed and open conformations,
respectively, Figure 2) between these residues. The free-energy
barrier of N2 insertion from the center of mass of α-281Tyr

and α-383His to FeMo-cofactor is small regardless of whether
the insertion starts from the surface of the open or closed
conformations (2.5 versus 3.2 kcal mol−1, respectively),
indicating that even when the surface residues are in closest
contact the substrate can easily displace α-281Tyr and α-383His

and access the channel proposed here.
The channel observed here following dynamic simulations

can be compared to channels previously proposed (Figure 4B).
Barney et al.,16 analyzing crystallographic structures, proposed a
water-based channel for substrate access that extends from
solvent-exposed surface residue α-104Thr to a water cavity near
the R-homocitrate. The possible role of this putative channel

Figure 4. Substrate access channels. (A) Side-on-view (solvent to the
left) of the proposed substrate access channel calculated using Hollow
by superimposing the nitrogenase structure in the open conformation
onto a 3D grid with 0.02 Å spacing between grid points. Unoccupied
grid points are represented by red spheres. (B) Positions of the
channel proposed here (red spheres) and the channels proposed by
Barney16 (green spheres), Dance18 (yellow spheres), and Durrant17

(blue spheres). Carbon is shown in gray, oxygen, in red, hydrogen, in
white, sulfur, in yellow, iron, in rust, and molybdenum, in magenta.

Figure 5. Free energy for the N2 insertion from solvent to FeMo-
cofactor along the proposed channel in unit α1β1 as a function of the
distance between the N2 center of mass and the carbide at the center
of FeMo-cofactor. Starting conformations were taken from molecular
dynamics snapshots corresponding to the open (76 ns) (red) and
closed (36 ns) (cyan) channels. Graphs including error bars are shown
in Supporting Information Figure S3.

Figure 6. Structures from a molecular dynamics simulation of free N2
in solvated nitrogenase. Ten superimposed structures from a
2 ns trajectory (200 ps snapshots). FeMo-cofactor and N2 (blue
spheres) are represented as van der Waals spheres, whereas amino acid
residues and R-homocitrate are represented as sticks. Carbon is shown
in gray, oxygen, in red, hydrogen, in white, sulfur, in yellow, iron, in
rust, molybdenum, in magenta, and N2, in blue.
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was experimentally tested by accessing the impact of amino acid
substitutions at key locations in the proposed channel on
substrate reduction rates. Single amino acid substitutions at
four different amino acids within the channel located at a large
distance from FeMo-cofactor caused significant increases in the
Michaelis constant (Km) for several substrates while not
affecting the turnover number (kcat). These findings were
interpreted to favor this region of the MoFe protein acting as
one channel for substrate access to the active site.16

Channels proposed by Durrant and Dance are roughly in the
same location (Figure 4B).17,18 An interstitial channel proposed
by Durrant was observed in the crystal structures of the MoFe
proteins from Klebsiella pneumoniae and Azotobacter vinelandii.
Multiple structures of the MoFe protein were overlaid and
studied for the presence of water molecules that might define a
channel. The channel was found at the interstice between two
subunits of the protein. Water molecules seemed to form a pro-
ton wire in the channel and provided access from the surface to
a pool of water near homocitrate. A similar controlled relay of
multiple protons was proposed by Dance via a water chain, with
the destination for the proton wire being the S3B sulfur on
FeMo-cofactor.
The present free-energy calculations suggest that the access

of N2 to FeMo-cofactor is very fast and therefore it is not rate-
determining. As a consequence, it is unlikely that substitution
of amino acids around the channel would result in detectable
changes in turnover rates. An additional consideration is how
the proposed channels approach FeMo-cofactor. A series of
studies have provided compelling evidence that one FeS face of
FeMo-cofactor approached by α-70Val and α-195His constitutes
the initial binding site for a range of substrates.2,49,53,54 The
putative channel revealed here approaches one edge of the Fe 2,
3, 6, 7 face of FeMo-cofactor implicated in substrate binding,
going past the critical side chains of α-70Val and α-195His

(Figures 1 and 4B). The other two channels proposed by
Barney16 and Durrant/Dance14,15,17,18 approach different edges
of this FeMo-cofactor FeS face but do not pass by critical
residues α-70Val and α-195His (Figure 4B).
Which of these channels is used by substrates to gain access

to FeMo-cofactor? Studies to date do not allow a definitive
answer to this question, but it certainly seems possible that
more than one channel might be operative for different sub-
strates, and it is possible that one of these channels might
function as a path for egress of products away from the active
site. Our free-energy calculations indicated that the channel
proposed here offers a low-energy pathway for N2 access to
FeMo-cofactor. A recent computational study55 suggests a
possible channel for the product ammonia egress that is distinct
from any of the putative channels discussed here. It will be
interesting in subsequent studies to access the energy bar-
riers for passage of other substrates and products through the
channel highlighted here and through the other proposed
channels.
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