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Nitrogenase converts N2 to NH3, at one face of an Fe-Mo-S cluster (FeMo-co) buried in the protein. Through
exploration of cavities in the structures of nitrogenase proteins, a pathway for the egress of ammonia from
its generation site to the external medium is proposed. This pathway is conserved in the three species
Azotobacter vinelandii, Klebsiella pneumoniae and Clostridium pasteurianum. A molecular mechanism for
the translocation of NH3 by skipping through a sequence of hydrogen bonds involving eleven water
molecules and surrounding aminoacids has been developed. The putative mechanism requires movement
aside of some water molecules by up to , 1Å. Consistent with this, the surrounding protein is comprised of
different chains and has little secondary structure: protein fluctuations are part of the mechanism. This NH3
pathway is well separated from the water chain and embedded proton wire that have been proposed for serial
supply of protons to FeMo-co. Verification procedures are suggested.

T
he enzyme nitrogenase converts dinitrogen to ammonia N2 to NH3, with some reduction of protons to
dihydrogen: N2 1 6H1 1 6e2 R 2NH3; 2H1 1 2e2 R H2. There is considerable understanding of the
biochemical processes of this enzyme. The two proteins that comprise nitrogenase are the MoFe protein in

which the chemical catalysis occurs at the iron-molybdenum cofactor (FeMo-co), and the Fe protein where the
reducing potential is generated. The catalytic site, FeMo-co, is an unprecedented CFe7MoS9 cluster (Fig. 1(a))
containing obligatory homocitrate (HCA, 2-hydroxybutane-1,2,4-tricarboxylate). Also in the MoFe protein is a
redox-variable Fe8S7 cluster called the P-cluster, approximately 12Å from FeMo-co, and understood to mediate
electron transfer to FeMo-co. The Fe protein contains an Fe4S4 cluster and the nucleotide (MgATP or MgADP)
binding sites. The biochemical cycle involves docking of the Fe protein with the MoFe protein, hydrolysis of
2MgATP, and transfer of one electron via the Fe4S4 cluster at the docking interface to the P-cluster and then to
FeMo-co1–9. This biochemical cycle of association, hydrolysis, electron transfer, dissociation is repeated eight
times during reduction of N2 to 2NH3 with concomitant formation of H2.

The understanding of mechanism at the chemical level is poorer, in part due to experimental difficulties in
trapping and characterising intermediates. However, investigations of the reactivities of proteins with modified
residues have revealed the locus of chemical catalysis, the Fe2,Fe3,Fe6,Fe7, face of FeMo-co, and particularly the
Fe2-S2B-Fe6 region directly underneath the side chain of a-70Val 10–12. The surrounding residues a-195His, a-
191Gln, a-69Gly and a-96Arg when modified also influence the reactivity of nitrogenase6,8,13–22.

A series of density functional investigations23–27 has led to a detailed 21-step mechanism for the conversion of
N2 to NH3

28,29. A key aspect of this mechanism is the serial formation, migration, and accumulation of multiple H
atoms on FeMo-co, and their sequential transfer to bound substrates and intermediates to generate hydrogenated
products25,30. Coupled electron transfer and proton transfer to FeMo-co are proposed to generate the H atoms at
S3B. A requirement of this general intramolecular hydrogenation mechanism for nitrogenase is a controlled
pathway for serial provision of external protons to S3B, and in a recent paper I described the chain of water
molecules that leads from the surface of the protein to S3B, Fig. 1(b). A Grotthuss mechanism for serial trans-
location of protons along the fully conserved single chain of hydrogen bonded water molecules W8 to W1 (see
Fig. 1(b)) to S3B was developed31. This inner section is a tight proton wire: the outer section is variable and is
postulated to function as a proton bay.

In this paper I report explorations for the pathway used for diffusion of product NH3/NH4
1 from the reaction

site to the surface of the protein. This product egress aspect of the activity of nitrogenase has been largely ignored.
Durrant32 recognized the water chain that transports protons (Fig. 1(b)) and suggested that it could be used for
transport of ammonia, but ammonia and protons cannot travel in opposite directions along the same water
channel. The eight water molecules comprising the inner section of the proton wire are ideally hydrogen bonded
to each other and to the enclosing homocitrate and key residues, in order to facilitate and control the Grotthuss
proton transfer. Intrusion or substitution of NH3 here, and creation of NH4

1, would block proton transfer to
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FeMo-co (by the formation of too many hydrogen bonds to allow the
Grotthuss proton hopping) and in the same manner would freeze
translocation of ammonia. It is clear that separate pathways are
needed for the proton supply to FeMo-co and the efflux of NH3. In
the structures of MoFe proteins there is a collection of water mole-
cules around homocitrate2, and it has been suggested that this water
pool could absorb product ammonia31. However this does not
account for transport of product ammonia to the protein surface,
which is the question addressed here.

The translocation of ammonia through other proteins has been
investigated in detail, principally for the ammonium transporter
(Amt) proteins which control movement of NH3/NH4

1 across cell
membranes in bacteria, archaea, fungi, plants and animals33–36, and
for a collection of glutamine amidotransferase (GAT) enzymes.
These latter enzymes utilise NH3, derived from the hydrolysis of
glutamine, in a synthase reaction. They transport the NH3 from

the generation site to a distant synthase domain through intramole-
cular tunnels protected from the environment37–42. The consensus
interpretation, based on structural information, targeted mutations,
molecular dynamics simulations, and calculation of intra-protein
pKa, is that NH3 rather than NH4

1 is the moving entity in these
glutamine amidotransferases37,43–47. However, the Amt proteins
(and related human Rhesus proteins48,49) have different functions,
including transport of NH4

1 against a concentration gradient and
discrimination against K1. Three mechanisms are under considera-
tion: transport of NH3, transport of NH4

1, and co-transport of NH3

and H1 33–35,50–59.

Results
This investigation is based on detailed exploration of the structures of
crystals containing the MoFe protein, from different species and in
various trapped states, and including the independent occurrences of
FeMo-co and surrounds in each protein. Unless stated otherwise,
amino-acid numbering is that of the Azotobacter vinelandii (Av)
MoFe protein, and water molecules are labeled as in the highest
resolution structure, PDB 3U7Q60. Residue labels contain letters A,
B. to denote the chain in the PDB file. In the following the term ‘water
path’ is reserved for the collection shown in Fig. 1 (b), and the term
‘water pool’ refers to the different collection of water molecules
around homocitrate (Fig. 1(a)).

Generation of NH3. Product NH3 molecules are expected to be
generated close to the reaction face of FeMo-co. In the complete
mechanism proposed for conversion of N2 to NH3

28, the NH3

molecules are formed (late in the catalytic cycle) at atoms Fe6 and
Fe2 of FeMo-co. The first NH3 is generated at the exo position of Fe6,
from which it dissociates in the exo direction. The second NH3 is
generated at the endo position of Fe2, and dissociates in an endo
direction, looping around the endo side of Fe6. Residue Val70A and its
neighbours in the a-helix that covers the face of FeMo-co constrain
both product NH3 molecules to leave in the exo direction from Fe6.
This is illustrated in Fig. 1(a) that shows the first NH3 leaving Fe6,
and the nascent second NH3 as an NH2 group bridging Fe2 and Fe6.
The formation of the second NH3 is completed by H atom transfer
from S3B, and after dissociation it is proposed to follow the path of
the first NH3. Fig. 1(a) also locates the hydrogen bonded water
molecules that comprise the water pool, clustering around the
uncoordinated carboxylate atoms O1, O2 and O4 of homocitrate.
The separate water chain that supports the proton wire to S3B of
FeMo-co uses different homocitrate atoms O5, O6 and O3 (Fig. 1(b)).
Residue Gln191A, hydrogen bonded to O1 of homocitrate, lies
approximately in the path of the departing NH3 molecules, where-
as His195A is out of the way.

Strategy. The search for possible channels and pathways was
undertaken first by a search for cavities in the MoFe protein in the
vicinity of FeMo-co and the water pool. The species generality of the
cavities so located was checked, together with the generality of their
occurrence in the best available crystal structures. The most pro-
mising cavities near the NH3 generation position were examined
for size and extent, water content, and immediate surroundings.
Then, in the one feasible cavity, possible locations for a moving
NH3 molecule were modeled, with hydrogen bonding to water and
protein surrounds. Finally, the most probable pathway was assessed
in terms of protein tertiary structure and likely dynamic fluctuations
during NH3 egress.

Calculations of pockets in the protein. The initial search for cavities
involved calculations of pockets in the protein, using the program
fpocket61. Pockets are clusters of intersecting alpha spheres. An alpha
sphere contacts four atoms on its boundary and contains no internal
atom: the four atoms are equally distant from the sphere centre,
defining the radius of the sphere. The results reported used alpha

Figure 1 | (a) The structure of FeMo-co including homocitrate (carbon

dark green) and ligating residues a-275Cys at Fe1 and a-442His at Mo: atom

labels are for the Azotobacter vinelandii protein in PDB 3U7Q. Also shown

are key hydrogen bonded residues Gln191A and His195A, and water molecules

(orange) of the water pool around homocitrate, The first product NH3

molecule is dissociating from Fe6, the second is to be formed from NH2

bridging Fe2 and Fe6 (in this and some following figures Fe2 and Fe6 are

coloured differently). (b) The chain of hydrogen bonded water molecules

from the protein surface to S3B of FeMo-co. The proton wire section W8 to

W1 is fully conserved, while the branched proton bay section and the path

to the surface are variable.
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spheres with a minimum radius of 2.8Å, and required at least 35
intersecting alpha spheres to constitute a pocket. Water molecules
are ignored in the calculation of pockets, but were included in the
results, in order to examine the presence of water in or near the
pockets. Thus the pocket calculations yielded domains in the
protein sufficiently large to contain NH3 or NH4

1, and possibly
containing water.

Calculations were made for all of the high-resolution crystal struc-
tures (PDB 3U7Q60, 1M1N62, 2MIN63, 3MIN63, 2AFH64, 2AFI64,
1MIO65, 1QGU66, 1QH166, 1QH866, 1H1L67) that include the MoFe
protein and a high proportion of resolved water molecules, and
encompassed the species Azotobacter vinelandii (Av), Klebsiella
pneumoniae (Kp) and Clostridium pasteurianum (Cp).

Figure 2 shows the significant pockets (drawn as aggregates of
alpha spheres) found in the vicinity of FeMo-co for the Av protein
(PBD 3U7Q). The view direction in this figure is directly along the
pseudo-threefold axis of FeMo-co, from the top. Two protein chains
that envelop the pockets and cofactors are coloured green and red. In
this and the following descriptions the pockets are labeled by their
colours. The silver pocket contains the water molecules of the water
pool, while the water path that supports the proton wire appears as
the orange pocket extending upwards from FeMo-co. The key pocket
is that coloured cyan, which extends from an edge of the silver
pocket, twisting towards the surface of the protein. The inner section
of the cyan pocket is very similar for the Av and Kp proteins, but
variation occurs as the pocket reaches the protein surface. The gap
between the inside edge of the cyan pocket and the silver pocket is
devoid of protein main chain, and the point of approach of the cyan
and silver pockets is essentially unchanged for all of the protein
crystals investigated. The lime pocket extends from the P-cluster,
and has variable shape and size. In some protein structures it is larger
than shown in Fig. 2, extending to the protein surface near where the
cyan pocket meets the surface. The lime pocket is not near the water
pool, and is separated from it by a section of polypeptide chain, and
therefore the lime pocket is not believed to play any role in the
movement of NH3, and it will not be considered further. The only

other pocket near the silver pocket is that coloured mauve: this
pocket has variable size and shape in different proteins, and is sepa-
rated from the silver pocket by a gap of 6.4Å that is blocked by the
sidechain of Lys426 (Av, Lys424 in Kp).

These pocket calculations focus attention on the cyan pocket as the
most likely domain for NH3 efflux. Before proceeding with more
detailed investigation of this silver-plus-cyan domain of the protein,
two further checks were made. The first involved the location of the
region where the Fe protein docks with the MoFe protein during the
electron transfer cycle, in relation to the postulated exit point for
NH3 on the surface of the MoFe protein. This was to determine
whether diffusion of NH3 from the surface of the MoFe protein might
be blocked when the Fe protein is docked. Crystal structures 2AFH
and 2AFI (Av) contain the Fe protein docked with the MoFe protein,
using two different but adjacent docking domains, dependent on the
state of the nucleotide in the Fe protein64. In both structures, the
surface terminus of the cyan pocket is not part of the docking
domain, and does not encounter the polypeptide chains of the Fe
protein (supplementary Fig. S1).

The second check involved the relationship between the water
pool postulated for NH3 movement away from FeMo-co and the
chain of water molecules that constitutes the proton wire. Figure 3
shows the relevant part of the protein, around and ‘underneath’
homocitrate. The conserved chain of hydrogen-bonded water mole-
cules comprising the proton wire (terminating with a hydrogen bond
to S3B) is depicted with orange spheres, while water molecules
extending from the other side of homocitrate towards the alpha
spheres of the cyan pocket are coloured brown. There is an additional
cluster of water molecules, coloured magenta, directly under homo-
citrate. The composition and structure of this water cluster varies in
the different crystal structures, and the geometry is such that not all
of the hydrogen bond distances within this cluster could be hydrogen
bonds. This cluster is hydrogen bonded to one ‘brown’ water mole-
cule (786B) and is not hydrogen bonded directly to the proton wire.

Figure 2 | Relevant pockets calculated for Av protein, PDB 3U7Q. The
pockets are represented as assemblies of alpha spheres, differentiated by
colour. The view direction is directly along the pseudo-threefold axis of

FeMo-co, from the top: Mo and homocitrate (HCA) are on the distant side

of FeMo-co. The rotational orientation of FeMo-co is signified by the

marked position of Fe2, and by the location of the P-cluster. The two

protein chains that envelope the pockets are coloured green and red.

Figure 3 | The water pool around homocitrate in the MoFe protein (Av,
PDB 3U7Q). The hydrogen bonded water molecules of the proton wire are

coloured orange. The water molecules extending from homocitrate

towards the cyan pocket are coloured brown. Between these two sets of

water molecules is a compact cluster of water molecules coloured magenta.

Connecting lines from the water molecules signify contacts at hydrogen

bond distances. Two significant amino acids, Arg105B and Arg96A, are drawn

with atom spheres. Cartoon representations of significant parts of chain A

(green) and B (red) are included.

www.nature.com/scientificreports
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The side-chain of arginine105B is a barrier between the magenta clus-
ter and the proton wire, and, as previously described, is a crucial part
of the proton wire31.

It is clear from Fig. 3 that the putative ammonia path into the cyan
pocket and the proton path occur in opposite directions through the
protein, as required chemically. The water pool near homocitrate is
comprised of the ‘brown’ and ‘magenta’ water molecules, not directly
linked to the proton wire. The magenta water cluster does not appear
to have a functional role other than as a small compact reservoir for
water molecules.

Contents and surrounds of the postulated NH3 exit pathway. The
next step was to examine closely the contents and immediate
surroundings of the indicated ammonia pathway towards and
through the cyan pocket. The blue arrow in Fig. 4(a) shows the
proposed general direction of movement from the vicinity of Fe6
(cf Fig. 1(a)), over homocitrate and associated water molecules in
the water pool, and towards the water molecules at the entrance of
the cyan pocket. The relevant water molecules close to O1, O2 and

O4 of homocitrate are 573A, 512A, 585A, 604B and 674B, with
hydrogen bond connections to amino acids, Gln191A, Glu380A,
Lys426A, Ile59A and Gly94B (all labels here and following are those of
the Av protein, PDB 3U7Q). The gap between these water molecules
and the entrance to the cyan pocket (the gap between silver and cyan
pockets in Fig. 2) is surrounded by but not blocked by Lys426A, Ile59A

and Gly94B.
The cyan pocket (of the Av protein) contains a sequence of eleven

hydrogen bonded water molecules, extending roughly in an arc.
Around these there are interactions with Met57A, Thr58A, Arg60A,
Gln53A, Asp403A, Ser115B and Ser117B, marked in Fig. 4(b).

It is postulated that NH3 egress starts from Fe2/Fe6 on FeMo-co,
following the direction of the blue arrow (Fig. 4(a)) and probably
engaging with some of the hydrogen bonding components O1, O2,
O4 of homocitrate, the five associated water molecules, and side-
chains of Gln191A, Glu380A, Lys426A. At this point the NH3 molecule
would be positioned at the entrance of the cyan cavity, ready to move
to the end of this cavity, engaging with the contained water and
surrounding residues. If this hypothesis is correct, these features
should be conserved in the various protein structures, and therefore
details of these components and surroundings have been compared
for the highest resolution crystal structures for Av (3U7Q) and Kp
(1QH1). Fig. 5, a comparison of the hydrogen bonding connectiv-
ities, demonstrates that the two proteins are very similar. The
domains in this depiction, left to right, are first the water pool and
its homocitrate components, then a gap to the sequence of water
molecules and protein surrounds in the vicinity of the cyan cavity.
Functions from the A and B chains are differentiated by colour.

The similarity of the two proteins is evident. The principal differ-
ence is the absence in Kp of a water molecule in the same position as
water 640A in Av, breaking the chain of hydrogen bonded water
molecules, and changing some hydrogen bonding interactions with
surrounding protein. This water is halfway through the cyan pocket
(and more than 15Å from FeMo-co), and is at a point where the
pathway possibilities for NH3 are diverging (see next section). In the
Kp protein the hydroxyl side chain of Ser51A is near the position of
water 640A in Av, and is disordered, which is indicative of move-
ments that could be part of NH3 passage here. These differences in
the later section of the cyan pocket are consistent with the notion that
as NH3 approaches the protein surface its mechanism for molecular
translocation is less controlled.

Figure 5 also draws attention to the differentiation of main chain
atoms (boxed) and side-chain groups in the hydrogen-bonding net-
work, and the prevalent involvement of main chain carbonyl func-
tions, as potential hydrogen bond acceptors. Residue Ile59A in Av is
Val58A in Kp, but since it is the main chain carbonyl O that partici-
pates in the hydrogen bonding this difference of hydrophobic side
chains is inconsequential. There are differences in the region of
waters 674B (3U7Q) and 25 (1QH1), and their hydrogen bonding
with Lys426/Lys424, but this is not significant because these functions
are distant from the detailed pathway described in the next section.

Atomic level mechanism for NH3 movement. The preceding
analysis has revealed a possible pathway for movement of NH3

away from FeMo-co towards the protein surface. The questions
now are (a) whether there is space for this movement of NH3, (b)
whether the environment is consistent with the hydrogen bonding
expected of NH3, (c) what impediments might exist, and (d) what
fluctuations in the tertiary structure of the protein are likely to be
involved. Possible pathways for molecular NH3 to move from FeMo-
co to and through the cyan cavity towards the surface of the protein
were investigated by manual molecular modelling.

Since water and NH3 are similar in size and hydrogen bonding
attributes, one question is whether NH3 might occupy the locations
that are observed to contain water in the resting protein structures.
[It is very unlikely that the crystallographically observed small

Figure 4 | The contents and immediate surroundings of the approach to
the cyan pocket, and the cyan pocket, labeled for the Av protein (3U7Q).
Atoms O1, O2, O4 of homocitrate are evident in (a), and the blue arrow

depicts the general direction of NH3 movement from the reaction face of

FeMo-co. Part (b) shows the relevant residues surrounding the cyan pocket

and hydrogen bonding to the chain of water molecules. Hydrogen bonds

between water molecules are marked.

www.nature.com/scientificreports
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molecules are NH3 (or NH4
1) because the crystallisation medium for

structure 3U7Q did not contain NH3/NH4
1 buffers60.] Alternatively,

is there space for NH3 to move around the water molecules in the
resting protein? Would it be necessary for water molecules to move
aside in order to allow passage of NH3?

The moving entity was modeled as NH3, because NH3 is generated
at the surface of FeMo-co and is released into a hydrophobic anhyd-
rous space. On diffusion into the water pool and beyond it is possible
that NH4

1 is formed. In the early stages of the path there is no evident
source of a replenishable proton, and so NH4

1 formation would be
just a temporary relocation of one hydrogen atom across a hydrogen
bond, and the following modeling of hydrogen bonds would be
unchanged. Near the protein surface the more aqueous medium
would generate NH4

1.

Standard geometries were used for the three donor and one
acceptor hydrogen bonds of NH3. The goal was to find a sequence
of locations that engaged some or all of these possible hydrogen
bonds, such that NH3 could swing from one location to the next,
breaking and forming hydrogen bonds. The starting point had NH3

just dissociated from Fe6 (Fe6–NH3 5 2.7Å), and NH3 hydrogen
bonded to both S2B and O1 of HCA. It soon became evident that
NH3 can only move away underneath the side chain of Gln191A into
the water pool. Through this first stage of NH3 movement the
important surroundings are O1, O2 and O4 of HCA, the side-chain
CH3 of Ala65A, and both the terminal amide group and the CH2

functions of the side chain of Gln191A. In the resting state the terminal
NH2 of Gln191A is well positioned to donate hydrogen bonds to O1 of
HCA and to the side chain carboxylate of Glu380A. During this stage it

Figure 5 | Schematic representations of the atoms involved in the postulated ammonia efflux channel in (a) Av protein structure 3U7Q and
(b) Kp protein structure 1QH1. The numbering of O1/O2 and O3/O4 of HCA is reversed in PDB 1QH1, and has been changed to the 3U7Q numbering in

this presentation. Water molecules are labeled red; protein atoms are differentiated as chain A yellow and chain B salmon, with main chain atoms

boxed and side-chain atoms unboxed; connecting lines are possible hydrogen bonds. The groups coloured green are hydrophobic side-chain components

that are potential steric barriers. The aqua enclosures signify the relevant components of the water pool.

www.nature.com/scientificreports
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is probable that the side chain amide group of Gln191A relocates and
reconfigures in order the improve the hydrogen bonding with pas-
sing NH3, at the expense of the hydrogen bond to O1 and OCO of
Glu380A.

Figure 6 shows the first six possible positions for NH3. Position 1
has N-H hydrogen bonds to S2B and O1, then at position 2 the N-H
hydrogen bonds are bent to O1 and O2 of HCA, then in position 3
breaking with O1 and in position 4 forming a new N-H hydrogen
bond to water 585A. In position 5 the N-H hydrogen bond to water
585A is retained and the other N-H hydrogen bond bifurcates to O1
and O2, with a new hydrogen bond to water 512A. Finally, in posi-
tion 6 the NH3 swings around its N-H hydrogen bond to O1, and
forms a new hydrogen bond to water 573A. Several comments are
warranted. First, the NH3 trajectory is a downwardly spiraling arc
maintained by N-H hydrogen bonds to O1 and/or O2, and this
carboxylate arm of HCA is regarded as a key controller of mech-
anism. Second, the side chain of Gln191A is closely involved, and with
reconfiguration could form Gln191-NH2 R NH3 hydrogen bonds at
positions 3, 5 and 6: these potential hydrogen bonds are marked on
Fig. 6. Third, water molecules are used as hydrogen bond acceptors at
positions 4, 5 and 6, with water molecules 512A and 573A moving by
ca 0.7Å away from the approaching NH3 molecule. Sidechain b-CH3

of Ala65A and c-CH2 of Gln191A provide steric boundaries.
This modeling was continued, stepping the hydrogen bonds of

NH3, to identify a total of 18 possible locations for NH3 towards
the protein surface. These positions are shown in Fig. 7, together
with the water molecules and significant amino-acid functions.
Detail is provided in Supplementary Figs. S2 and S3. In the journey
from the water pool to the cyan cavity NH3 passes between the side-
chain of Lys426A and the main-chain oxygen atom of Ile59A. The ter-
minal NH2 function of Lys426A is a hydrogen bond accepting pivot
point, and because the distances from it are slightly short it is pro-
posed that this side-chain function moves slightly away during NH3

passage. The main-chain oxygen atoms of neighbouring residues
Thr58A, Ile59A and Arg60A function as hydrogen bond acceptors in
positions 8 through 12. The side chain CH3 function of Thr58A is
significant, because the lone pairs of NH3 in positions 12 through
15 are distant 2.6–2.9Å from it, with the potential for formation of
weak C-H R NH3 hydrogen bonds. On the other side of this arced
sequence of NH3 positions the side chains of Ser115 and Ser117 in chain

B are involved. Beyond the last modeled position, near Gln53A, there is
a ‘river-delta’ of possibilities for NH3 to escape to the protein surface.
Examination of the atom thermal parameters for 3U7Q and 1GQU
reveals that above average values occur in the sections of chains A
and B extending from the end of the NH3 pathway to the protein
surface.

In positions through the cyan cavity domain, N-H R OH2 hydro-
gen bonds are part of the model. The ability of these water molecules
to accept one such hydrogen bond at each position of NH3 is favour-
able in terms of hydrogen atom accounting, because each water can
form two other donor O-H R O hydrogen bonds, one to the next
water in the chain, and one to protein main chain carbonyl oxygen.
Displacements of water molecules by 0.4–1.0Å are involved in the
model, and it is clear that some local geometric reorganisation would
be required as NH3 passed along this pathway.

This leads to considerations of secondary and tertiary structure,
and structural fluctuations during NH3 passage. Figure 7 portrays
this structure of the protein, and reveals the lack of secondary struc-
ture on the viewer side of the proposed path. The path winds between
the A and B chains (see also Fig. 5), with the B chain occurring as a
structured backdrop and the A chain as a movable front curtain.
Figure 8 is a different view of key structural elements in the surround-
ing protein. Three different sections of the A chain are involved. The
part of chain A that lies over the reaction face and contains Val70A is
a-helical only as far as residue 62, but then is largely unstructured
along the ammonia path to residue 52 (green). The section contain-
ing influential residues His195A and Gln191A (grey) is a-helical only
near FeMo-co. Glu380A and Lys426A, both near the ammonia path, are
connected by a long loop (yellow). Chain B (red) is near the proposed
ammonia path at residues 93 and 115–117. The chain from 93 to 108
is a-helical, directed well away from the ammonia pathway, then
loops back to serines 115 and 117.

Figure 6 | The first six sequential positions (numbered 1–6) constructed
for NH3. This representation is simplified in order to maintain the clarity

of the multiple positions for NH3 (N cyan, H gray) and its hydrogen bonds

(black and white). The thin lines to b-CH3 of Ala65A and c-CH2 of Gln191A

signify steric boundaries for NH3 at positions 3 and 4.

Figure 7 | The sequence of modeled positions for NH3 from the reaction
face of FeMo-co towards the protein surface. Cyan spheres are the

locations of the N atom: H atoms are not shown (but are included in

Supplementary Figs. S2, S3). Orange spheres are water. Key interacting

amino acids are marked and labeled. The side chain CH3 of Thr58A

(circled) is significant, because the lone pairs of NH3 looping around it

are 2.6–2.9Å distant, with the potential for formation of weak C-H R
NH3 hydrogen bonds. All protein chains are included and are coloured

by structure (a-helix green, extended-b yellow, turn orange, coil red),

revealing the minimal secondary structure around most of the proposed

NH3 pathway.

www.nature.com/scientificreports
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The flexibility of these elements of the surroundings of the pro-
posed ammonia pathway has been assessed via the crystallographic
temperature factors. For crystal structure 1QGU (residue numbering
as in Fig 5 (b)), the Ca atoms of the helical section of chain A over the
reaction face (Val69 to Cys61 in 1QGU) have temperature factors well
below average, but as the chain continues from residue 58 to lower
numbered residues the Ca atom temperature factors increase to well
above average, indicative of flexibility as the ammonia efflux extends
towards the protein surface. In the B chain the below average tem-
perature factors of the a-helix (Fig. 8) increase through the key serine
residues (113, 115) that are involved in the proposed ammonia
pathway.

Discussion
This exploration of the structures of nitrogenase proteins has uncov-
ered a pathway for the movement of product NH3 from its site of
formation on FeMo-co to the surface of the protein, and a molecular
mechanism for the translocation of NH3 has been developed. This
pathway is conserved in proteins from species Av, Kp and Cp. The
integrity of the acid-base dimension of the physiological reaction of
nitrogenase, consuming acid and generating base, is maintained,
because the NH3 egress pathway is separate from and physically
opposite to the proposed proton influx pathway. As in the glutamine
amidotransferase enzymes, the moving entity in the early stages of
the efflux is probably NH3, becoming NH4

1 near the protein surface.
Water molecules occur along most of the NH3 pathway, at least in

the resting protein as crystallised, and provide acceptor and donor
hydrogen bonding sites for NH3. Polypeptide main chain atoms also
provide hydrogen bonding sites, and the suggested mechanism is
essentially a sequence of interchanges of hydrogen bonds over short
distances. The mechanism does not involve a flow of water molecules
accompanying NH3, but it does involve movements of some water
molecules away from the main path by distances of up to 1Å, to create
sufficient space for NH3 to skip from one hydrogen bond to the next.

At this point it is appropriate to make comparisons with the well-
studied ammonia channels in glutamine amidotransferase (GAT)
enzymes. In all of these, ammonia generated by hydrolysis of gluta-
mine (or asparagine) in the amidase domain is translocated through
tunnels to a distant synthase site: the ammonia is shielded from the
medium and maintained as NH3 because NH3 is needed as nucleo-
phile in the synthase domain. The GAT enzymes are diverse in

product, function and structure, and include carbamoyl phosphate
synthetase68, glutamine phosphoribosylpyrophosphate amidotrans-
ferase (GPAT)46,69, glutamate synthase (GltS)39, tRNA-dependent
amidotransferases (or GatCAB). The ammonia tunnels are struc-
tured more by the residues of the synthase domain than those of
the amidase domain, accounting for the variety of tunnel architec-
tures39,40,70. In nitrogenase the formation of NH3 at FeMo-co is ana-
logous to the formation of NH3 at the amidase site, but there is no
requirement to prevent formation of NH4

1 near the end of the path-
way at the surface of the MoFe protein. Nevertheless, there are results
and interpretations from the amidotransferase enzymes that can
inform further investigation and understanding of NH3 efflux from
nitrogenase.

In crystalline GatCAB amidotransferases a 30-35Å-long hydro-
philic tunnel links the amidase and synthetase sites. The tunnel is
ungated along its length, and contains 18 water molecules that are
hydrogen bonded to each other or to surrounding polar residues. The
published representations71,72 show a structure quite similar to that
described here for nitrogenase. Molecular dynamics calculations
have revealed gates and valves modulating the direction of NH3

transport47, and confirmed large barriers associated with NH4
1

rather than NH3 as the moving entity. In glutamate synthase the
tunnel is composed mainly of backbone atoms of hydrophilic resi-
dues, and water molecules fill the tunnel space39. There are some
structural similarities between the various sections of the long intra-
molecular ammonia translocation tunnel in carbamoyl phosphate
synthetase (CPS)68 and the path proposed here for nitrogenase.
Molecular dynamics simulations of CPS reveal hydrogen bond step-
ping, movements of side-chains, and involvement of small water
clusters. It is calculated that in the first stage of a long tunnel, NH3

is transported over a distance of ,13Å with a maximum barrier of 6
kcal mol21 44,45. Further, it is suggested that water molecules have an
important role in the transfer of NH3, because sites vacated by NH3

are refilled with water molecules such that the NH3 hydrogen bonds
cannot reform, thereby forcing NH3 forward.

It is very probable that fluctuations of protein structure are part of
the mechanism for nitrogenase, because the proposed route passes
between different polypeptide chains, and those chain sections have
minimal secondary structure and above average temperature factors.
Gas transport channels in a variety of enzymes are characterised by
structural flexibility73. Conformational variations are a primary feature
of the ammonia-channeling glutamine amidotransferases41–43,46,47.

Amino acid Gln191A is a key component of the mechanism in
nitrogenase, because it is normally hydrogen bonded through side-
chain NH2 to O1 of HCA (another key component), and NH3 has to
move around both of these atoms, and to avoid the side chain CH2 of
Gln191A, before escaping from the water pool (Fig. 6). Therefore the
consequences of modification of this residue provide an experi-
mental approach to testing the validity of the mechanism.
Mutation of Gln191A to lysine with a longer side chain shuts down
NH3 production from N2

74, but NH3 is produced with azide as sub-
strate by this mutant15, indicating that the NH3 efflux channel is not
closed by Lys191A. The interpretation of the diminished activity of the
Lys191A mutant, that is only high Km reduction of C2H2 and no
reduction of N2, is probably that given previously25, which is that
Lys blocks hydrogenation steps at Fe6 but not hydrogenation steps at
Fe2. I am not aware of other experimental data that bears on the
validity of the NH3 efflux mechanism proposed here.

In this paper I have presented a plausible mechanistic pathway for
egress of NH3 produced by nitrogenase. How can this proposal be
tested? A standard experimental approach is modification of key
amino acids and assessment of reactivity. The early stages of the
NH3 path involve the side-chain of Gln191A, in two ways: the terminal
amide NH2 group engages some hydrogen bonds, while c-CH2 pro-
vides a steric barrier. In view of the flexibility of the side-chain it is not
surprising that lysine in this position does not fully shut down the

Figure 8 | The modeled NH3 pathway, emphasising secondary structure
in the surrounding protein. Four different parts of chain A are involved.

The A-chain helix over the reaction face (green) does not continue as chain

A extends along the NH3 path from Cys62A to Ser52A. The a-helix of chain B

(red) is near the NH3 pathway only at Glu93, then chain B loops back to

flank the NH3 pathway near Met118.
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escape of NH3, but large non-hydrogen bonding side-chains such as
Phe or Trp at position 191A are predicted to impede the NH3 path-
way. A large increase in size of the side-chain of residue 65A could
also interfere. Another significant side-chain is that of Thr58A (Fig. 7),
because the proposed pathway passes closely around its c-CH3. A
more voluminous side-chain, without hydrogen bonding capability,
could interfere with NH3 passage. These are suggestions for muta-
tions to clog the pathway, but the likely fluctuations in protein struc-
ture may open alternative paths. In this context, residue 191A in the
tighter earlier part of the NH3 route would be the prime target.

Might it be possible to incorporate a reagent for NH3 into the
protein near the putative pathway, and then crystallise the protein
containing the captured escaping NH3?

Computationally, a normal modes analysis75,76 of the protein
structure would be informative about its flexibility around the pro-
posed pathway. Molecular dynamics simulations, enhanced with
various techniques44,46,77, should provide further insight into ammo-
nia transport in nitrogenase.

Methods
The initial search for cavities was undertaken with the program fpocket61, using a
procedure which strips water and heteroatoms (but not FeMo-co, homocitrate, or the
P-cluster) from the atom coordinates (pdb) file, and then searches for alpha spheres.
An alpha sphere contacts four atoms on its boundary and contains no internal atom:
the four atoms are equally distant from the sphere centre, defining the radius of the
sphere. Pockets are clusters of intersecting spheres, and pocket searches are controlled
by filtering sphere properties such as radius, separation, and chemical attributes of the
defining atoms. The variables in fpocket were first evaluated: for the searches of
nitrogenase FeMo proteins, minimum alpha sphere radii in the range 2.7–3.0Å were
found to be most informative, with pockets required to contain at least 35 alpha
spheres. After each search the water excluded from the fpocket calculation was added
back into the output files, in order to examine the presence of water in or near the
pockets. Calculations of pockets were made for all of the high-resolution crystal
structures (PDB 3U7Q, 1M1N, 2MIN, 3MIN, 2AFH, 2AFI, 1MIO, 1QGU, 1QH1,
1QH8, 1H1L) that included the MoFe protein and a high proportion of resolved water
molecules (the best structures contain ca 1300 water molecules per FeMo-co in the
MoFe protein: structures 3K1A, 1M34 and 2AFK describe considerably less water).

A 3U7Q pdb file with the modeled NH3 positions included is available from the
author.
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Proc. Nat. Acad. Sci. USA 107, 9638–9643 (2010).
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Biochemistry 32, 7104–7115 (1993).

66. Mayer, S. M., Lawson, D. M., Gormal, C. A., Roe, S. M. & Smith, B. E. New insights
into structure-function relationships in nitrogenase: a 1.6Å resolution X-ray
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