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The pathway for serial proton supply to the active site of nitrogenase: enhanced
density functional modeling of the Grotthuss mechanism

Ian Dance

School of Chemistry, UNSW Australia, Sydney 2052, Australia

Abstract

Nitrogenase contains a well defined and conserved chain of water molecules leading to the FeMo cofactor
(FeMo-co, an [Fe;MoCSg] cluster with bidentate chelation of Mo by homocitrate) that is the active site
where N, and other substrates are sequentially hydrogenated using multiple protons and electrons. The
function of this chain is proposed to be a proton wire, serially translocating protons to triply-bridging S3B
of FeMo-co, where, concomitant with electron transfer to FeMo-co, an H atom is generated on S3B.
Density functional simulations of this proton translocation mechanism are reported here, using a large
269-atom model that includes all residues hydrogen bonded to and surrounding the water chain, and
likely to influence proton transfer: three carboxylate O atoms of obligatory homocitrate are essential. The
mechanism involves the standard two components of the Grotthuss mechanism, namely H atom slides
that shift H;O* from one water site to the next, and HOH molecular rotations that convert backward
(posterior) OH bonds in the water chain to forward (anterior) OH bonds. The topography of the potential
energy surface for each of these steps has been mapped. H atom slides pass through very short (ca 2.5A)
O-H-O hydrogen bonds, while HOH rotations involve the breaking of O-HeeeO hydrogen bonds, and the
occurrence of long (up to 3.6A) separations between contiguous water molecules. Both steps involve
low potential energy barriers, < 7 kcal mol-1. During operation of the Grotthuss mechanism in
nitrogenase there are substantial displacements of water molecules along the chain, occurring as ripples
when concerted. These characteristics of the 'Grotthuss two-step', coupled with a buffering ability of two
carboxylate O atoms of homocitrate, and combined with density functional characterisation of the final
proton slide from the ultimate water molecule to S3B (including electron addition), have been
choreographed into a complete mechanism for serial hydrogenation of FeMo-co. The largest potential
barrier is estimated to be 14 kcal mol-!. These results are discussed in the context of reactivity data for
nitrogenase, and the occurrence of a comparable water chain in cytochrome-c oxidase. Further
investigation of the low-frequency conformational dynamics of the nitrogenase proteins, coupling proton
transfer with other events in the nitrogenase cycle, is briefly canvassed.

DT-ART-08-2015-003223 revised September 24, 2015 Page 1 of 38



Dalton Transactions Page 2 of 39

Introduction

The enzyme nitrogenase catalyses the reaction N, + 6e~ + 6H* — 2NH3, together with some reduction of
protons to H2.1'9 Nitrogenase can also hydrogenate many other small multiply-bonded molecules,
including CO and C02.3 1016 A distinctive feature of these reactions is the consumption of considerable
numbers of protons (and equivalent electrons) during each catalytic cycle. The natural cycle of
nitrogenase, involving co-reduction of N, and H*, requires ca 8H™*, while the observed conversion of CO
to C3Hg presumably follows an overall stoichiometry 3CO + 14e~ + 14H, requiring 14 protons per
cycle. Obviously the enzyme requires a serial supply of protons, and most if not all of these must be
sourced from the medium outside the protein.

I previously identified a chain of water molecules that extends from the protein surface to the active site,
and proposed in general terms how a Grotthuss type of proton translocation along this chain could be the
mechanism for serial proton provision.17 This water channel was first recognised by Durrant,'® and has
been discussed also by Barney et al.” In the present paper I report a more detailed investigation of this
mechanism for serial translocation of protons to the active site, using density functional simulations of
models that include the protein residues surrounding the water chain.

The active site is the FeMo-cofactor (FeMo-co) located in the o subunit of the molybdenum-iron protein
(MoFe protein). The biochemical events in the Fe protein cycle, in which the other protein comprising
nitrogenase, the Fe protein, docks with the MoFe protein and subsequently transfers an electron to FeMo-
co, via a P-cluster in the MoFe protein, have been described in detail.***>® The structure of FeMo-co is
shown in Fig 1. The central Fe;MoSq cluster contains a carbon atom C¢ at the centre,” ™ and is
connected to protein through 275Cys at Fel and 442His at Mo: amino acid numbering is that of the
Azotobacter vinelandii protein as reported in the crystal structures PDB 1IM1N and 3U7Q. Throughout
this paper all cited residues are in the o-subunit unless marked otherwise. Six-coordinate Mo is chelated
by alcoxide and carboxylate functions of R-homocitrate (R-2-hydroxybutane-1,2,4-tricarboxylate),
abbreviated as hca hereafter.

S2B

homocit

Fig 1. FeMo-co, linked to protein via 275Cys at Fel and 442His at Mo. Atom labels are those of
the Azotobacter vinelandii protein. Carbon atoms of bidentate homocitrate are dark green.
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1. The water chain of nitrogenase

The essential water molecules comprising the water chain are shown in Fig 2. Moving outward from the
triply-bridging S atom S3B of FeMo-co there is a completely conserved sequence of eight water
molecules, W1 to W8, hydrogen bonded in sequence as well as to surrounds. This chain is denoted the
proton wire, because it is the key focus for proton movement towards FeMo-co. Continuing towards the
protein surface, there is a domain containing variable arrangements of hydrogen bonded water molecules,
and in some crystal structures containing also exogenous hydrophilic molecules such as ethylene glycol
and imidazolium cation arising from the crystallisation medium.'”** This domain is interpreted as a
proton bay, because it has variable ways of including water, H30%, and exogenous proton sources. The
section of the water chain that is under strict mechanistic control, the proton wire W1 to W8, is therefore
the focus of the following analyses. Additional pictorial presentations of the water chain within the larger

protein structure are available in ref ', and also ref **. The water chain is well separated from the
24

probable pathway for ingress of substrate N, (and other uncharged small molecules) to FeMo-co,” and
from the pathway proposed for egress of the hydrophilic product NH3.25
proton bay %
“'. surface

Fig 2. Interpretation of the water chain, with an aggregated proton bay inside the surface,
followed by the proton wire from W8 to S3B.

This path is elaborated in Fig 3 (a), aided by schematic representation in Fig 3 (b). The key hydrogen
bonds, apart from those along the chain, are W1--O5(hca), main-chain NH of 97A2 to W2, W3--O6(hca),
W3--CO of 9561y, W4--O3(hca), side-chain NH, of B-105A18 to W4, side-chain Ng of B-105A18 to W5,
W5--OH of 446Tyr, W6--CO of 956Gy, W7--CO of §-522Val, W8--CO of 94Ala and main-chain NH of 8-
521Leu to W2. In addition, W1 is able to hydrogen bond with main-chain CO of 442His_ A significant
feature of the carbonyl O of 9501 is its linkage of the W3 and W6 ends of a loop in the water chain. Also
marked on Fig 3 (a) are the hydrogen bonds between the residues included, and the structural hydrogen
bond between S5A of FeMo-co and the side-chain of 96Arg,
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(b)
Fig 3. Details of the water path from W8 to S3B of FeMo-co. (a) The chain of hydrogen
bonded water molecules is coloured orange. The C atoms of hca (irrelevant carboxylate arm not
shown) are dark green: O5, O6 and O3 of hca are labelled and the water--hca hydrogen bonds
W1--05, W3--0O6 and W4--O3 are coloured red. Other hydrogen bonds involving the water
chain are thicker, and residues to the front are drawn with larger atoms and bonds than those
behind. All residues are in the a-chain except for B-105Arg, B'-521Leu and B'-522Val, and the
ribbons trace the three chain sections surrounding the water path. (b) Schematic representation
of the water path, with water labels for one of the paths in crystal 3U7Q. Hydrogen bonds with
surrounding residues are marked with black lines, and C-H — O interactions are labeled in
magenta, with marked C--O distances.

Also in the surrounds of the water chain are some residues that provide van der Waals enclosure,
potentially restricting movement of the water molecules. These are shown in Fig 4, and some distances
are marked on Fig 3 (b). The long interaction between ring Cel of 446TYr and W6 is discussed further

below.

A\

Ser
443 3

B’-521Leu

2vm%’

B-105A19 B’-52

4250

Fig 4. Residues comprising the van der Waals enclosure of the water chain to W8 are drawn as
translucent green surfaces, and labelled red. The three main-chain CO groups involved in the
chain are labelled blue. The uninvolved arm of hca is not shown.

2. Hydrogen atom locations and hydrogen bonding

The locations of hydrogen atoms on the water molecules, hca, and residue side-chains are not evident in
the diffraction analyses. I now describe the water chain within its surroundings in order to assess the
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possible positions of these hydrogen atoms and of hydrogen bonding. The surroundings are considered
first, with reference to Fig 5. The side-chains of 96Ar2 and B-105A1¢ are protonated. That of 96ATg
hydrogen bonds to S5A of FeMo-co, and the side-chain of B-105Arg donates hydrogen bonds to W4 and
W5: to W4 from its NH, terminus, and to W5 from Ne. The uncoordinated carboxylic functions of
homocitrate are protonated. At the O3/04 carboxylate, O4 is hydrogen bonded to a small pool of water
molecules (bounded by 426Lys, 424Gly, 3-1015er), and in PDB 3U7Q and PDB 4WES forms good
tetrahedrally-arrayed hydrogen bonds with three water molecules: this small water pool (not shown in Fig
5) has been described previously.”’25 03 receives a hydrogen bond from NH of 425!l¢, and is able to

accept a hydrogen bond from W4. The O5/06 carboxylate group is coordinated to Mo, reducing its
basicity, and variable protonation is anticipated.
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Fig 5. The relevant immediate surroundings of the water chain (red), with feasible hydrogen
bonds (broken lines). Possible locations for the water hydrogen atoms are marked blue, with W7
as H30%. Argl05 is B chain, and Leu521, Val522 are ' chain.

Now I consider the water molecules in the chain. The geometrical data for the potential hydrogen
bonding of each are detailed in Table 1, and, again with reference to Fig 5, are analysed in terms of
DT-ART-08-2015-003223 revised
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possible H atom positions. There is excellent geometry at W2, which receives a good hydrogen bond
from NH of 97At2, The two H atoms comprising W2 could be favourably directed to W1 and W3,
because the fourth tetrahedral position around W2 is sheathed by various HC sections of 2311¢ and
4438er, There is space for movement of W2, and CO of 442His is a potential acceptor. W1 receives one
hydrogen bond from W2, and is ideally placed to hydrogen bond with O5 of homocitrate (note the ideal
W2-W1-05 geometry) as receiver or donor. The CO of 442His can accept a hydrogen bond from W1,
and S3B and S5A are also potential hydrogen bond acceptors from W1, with better geometry for SSA.

W3 is surrounded with good tetrahedral geometry by W2, W4, CO of 9561, and 06, and is expected to
direct a hydrogen atoms towards CO (9561Y): W3 could direct another hydrogen atom to W2, W4 or 06,
and could receive hydrogen bonds from any of them. W3 has multiple possibilities. W4 and W5 both
receive hydrogen bonds from the positively charged side-chain of B-105Ar¢, and both are able donate one
hydrogen bond, to O3 (hca) or OH of 446Tyr: the second hydrogen atoms on W4 and W5 can, with
variations, be involved in the W3-W4-W5-W6 water chain. W6 donates one hydrogen bond to CO
(95G1Y), and the other H atom can be directed to W5 or W7. A phenyl C-H atom of 446T¥" is directed
towards W6, but the distance and angles are relatively poor for a C-H--W6 weak hydrogen bond. In the
absence of this C-H--W6 interaction, W6 is involved in only three good hydrogen bonds, unlike W3, W4,
and W5, which have four. W7 also engages only three hydrogen bonds with excellent geometry,
involving donation to CO (B'-522Val), and sharing other H atoms with W6 and W8. At W8 the W7-WS8-
WO angle is 156, reflecting the connection of the water chain to the proton bay where there is fluidity in
the occurrences and positions of water molecules: W8 receives and donates hydrogen bonds to NH (B'-
521Lev) and CO (94A12) respectively.

Table 1. Distances (A) and angles for the possible hydrogen bonds at each of the water molecules in the
water chain, W1 to W8, in the o, § and B' subunits of (1PDB 3U7Q.

at W1 w2 OS5 (hca) CO (442His) S3B SS5A
donor acceptor acceptor acceptor
distance 2.83 2.81 3.28 4.05 4.03
w2 109° 78° 142° 154°
05 (hca) 103° 47° 98°
CO (442His) 130° 105°
S3B 56°
at W2 Wi W3 NH (97Arg) CO (442His)
donor acceptor
distance 2.83 2.82 2.88 3.84
Wi 95° 114° 57
w3 110° 32
NH (97Arg) 148
at W3 w2 W4 06 (hca) CO (950Gly)
acceptor
distance 2.82 2.80 2.73 2.82
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w2 144° 95° 94°
w4 109° 105°
06 (hca) 102°
at W4 W3 W5 O3 (hca) NH, (B-105A18)
donor
distance 2.80 2.79 2.87 2.94
W3 104° 115° 85°
W5 141° 73°
O3 (hca) 113°
at W5 W4 Wwo Ne (B-105Arg) OH (446Tyr)
donor acceptor
distance 2.79 2.73 297 2.67
W4 96° 93¢ 132°
W6 95° 109°
Ne (B-105Ar8) 125°
at W6 W5 W7 CO (9561y) Cel(446Tyr)
acceptor donor?
distance 2.73 2.83 2.73 3.45
W5 134° 115° 67°
w7 111° 69°
CO (95Gly) 162°
at W7 W6 W8 CO (B'-522Val
acceptor
distance 2.83 2.73 2.86
W6 107° 117°
W38 101°
at W8 W7 W9 NH (B'-521Leuv) CO (94Ala)
donor acceptor
distance 2.73 3.09 3.42 2.75
W7 156° 76° 115°
W9 103° 88°
NH (B'-521Leuw) 106°

Note that 9561 is an important residue, because the CO as acceptor links the separated W3 and W6
sections of the water chain. Howard er al,”® in examining amino acid sequence alignments from multiple

DT-ART-08-2015-003223 revised September 24, 2015 Page 8 of 38



Page 9 of 39 Dalton Transactions

nitrogenase proteins, have recorded a-95 occurring as many variants, but these side-chain variations
should not interfere with the main-chain CO as double hydrogen bond acceptor.

As a prelude to modelling these variable hydrogen atom positions and their movements, it is appropriate
to review and understand general Grotthuss mechanisms for proton translocation along a water chain.

3. General characteristics of proton translocation (Grotthuss) mechanisms

The standard concept of the Grotthuss mechanism” = for proton transfer along a chain of water
molecules is shown in Fig 6. There are two states, with the configurations of the OH moieties that
comprise the chain pointing either forward in the direction of proton transfer (here termed the anterior
array), or in the opposite direction (the posterior array). The anterior array can absorb a proton at the
entry and release a proton at the exit simply by sliding H atoms along the chain of O-H--O hydrogen
bonds. This converts the anterior array to a posterior array. A posterior array is converted back to an
anterior array through rotation of each water molecule around the H-O bond that is not in the chain. This
rotation, through an approximately tetrahedral angle, passes through a non-hydrogen bonded transition
state: in contrast, H atom sliding transitions through a doubly-hydrogen bonded state. The terms 'hop'
and 'turn' are sometimes used instead of 'slide' and 'rotation'.

anterior array

H+ —» O—H-------0—H----==0—H-------0O—H | —»= H*
IH IH l|-| IH
H atom slide
H—0------- H—O----- HC\‘HQ
HOH / / / /
molec_ular H H H H
rotation

posterior array

Fig 6. The standard concept for the Grotthuss mechanism, for translocation of a proton from left
to right along a chain of water molecules. The H atom slide converts an anterior array of water
molecules to posterior, while HOH molecular rotation converts a posterior array to anterior.

The two stages of the process, H atom slide and HOH molecular rotation, are each usually assumed to be
concerted, as portrayed in Fig 6, but this is not necessary. A stepwise H atom slide causes a concomitant

shift of an H3O" site along the chain. Stepwise HOH molecular rotation generates a pair of non-hydrogen
bonded water molecules, as shown in Fig 7.
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O—H
/ / /
’ ll_l IH

‘ ‘ .
' 1 ’

J

Fig 7. A single HOH molecular rotation generates non-hydrogen bonded contiguous water

molecules.

The preceding description assumes that each water molecule in the chain accepts one hydrogen bond
from the surroundings and donates one hydrogen bond to the surroundings. Some of these hydrogen
bonds can be absent and not affect the H transfer mechanism. However, if a water molecule is involved

in two donor or two acceptor hydrogen bonds with the surrounds, the mechanism is disrupted. Fig 8 (a)

Page 10 of 39

illustrates a chain water molecule surrounded by two acceptors at the correct tetrahedral positions around

a water molecule, such that its H atoms, captured by the environment, are unable to slide or rotate. Fig 8

(b) illustrates a chain water molecule surrounded by two correctly positioned hydrogen bond donors,
forcing both its H atoms to be in the water chain, and again preventing the required slide and rotation
steps. Here the plasticity of the surrounding medium is relevant: the environment of the chain can be

rigid (as in carbon nanotubes™ or ice), fluid (as in liquid water®®), or have some plasticity and in proteins
and biological membranes.****** The plasticity of protein surrounds is understood to allow considerable
movement, but not to the extent of changing the specific identities of the surrounding residues. In the

present context — protein, plus carboxylate functions of homocitrate, and S in FeMo-co — there are

possible variations in the extra-chain hydrogen bonding, as will be described.

H H !
; ;
(a)
D
H—/c') ------- H—g')—H-------/o—H-------/(')—H
AR S
D :
(b)
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Fig 8. (a) H atom slide is prevented if one water molecule has both H atoms directed extra-
chain. (b) A water molecule with both H atoms directed intra-chain interferes with the slide and
rotation operations.

4. Overview: The stages of proton translocation in nitrogenase, and the simulation models

The mechanism for transfer of protons through the water chain towards FeMo-co, followed by the
formation of H atoms on FeMo-co and their migration away from the supply site, has three
mechanistically different stages. Stage 1 is proton transfer through the chain to atoms, O5 or W1, which
are contiguous with S3B of FeMo-co. Stage 2 is the proton transfer to FeMo-co, presumably concomitant
with electronation of FeMo-co, forming an H atom on S3B. Stage 3 is reconfiguration of S3B-H in order
that the H atom can migrate to other atoms of FeMo-co, and thereby re-prime S3B for acceptance of a
subsequent proton and repetition of the cycle. For the proton transfer stages 1 and 2 a computational
model (A) containing all of the involved surrounds was used, while for stage 3 the more distant sections
of the water chain are not involved or required, and a reduced model (B) was used. These models are
displayed in Fig 9, where the marked locations of the H atoms and hydrogen bonds at the water molecules
and hca are not significant, being just one of the possibilities explored.
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Fig9. Schematic representations of the atoms contained in computational models A and B. The
Ca-CB bond of 442His is elongated (wavy line) in order to clarify the drawings. Dotted lines are

hydrogen bonds. Model B is used to assess the configurational changes for the H atom (red) on
S3B.

Model A contains 269 atoms and net charge of +1 (for the resting redox state of the FeMo-co core
[Fe7M0C89]‘13 637y Surrounding residues are truncated (with hydrogenation) according to their
proximity to the water chain and its hydrogen bonds. Proximal parts of residues 2311l¢ and 4251l¢ are
included because they provide van der Waals walls for the motions of W1, W2, W4 and W5. Model B
omits these barriers, and contains only the essence of the water chain to W6, because the status of the

water chain is constant during reconfiguration of S3B-H. Model B contains 162 atoms, with net charge -
1.

5. Computational Methods

Density functional (DF) calculations use the DMol methodology of Delley,%’42 with accurate double

numerical (dnp) basis sets.*! The calculations were all electron, spin-unrestricted, with no imposed
symmetry, and employed the BLYP** functional. The real-space cutoff for calculation of atomic basis
sets was 4.76A, and a fine integration mesh was used. The electronic state of FeMo-co was controlled
through the input specification of the signs and magnitudes of the Fe spin densities to be used at the start
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of the SCF convergence calculation, and refined in the subsequent optimisation. The stable electronic
state adopted for FeMo-co is defined by the spin sign set +, -, +, -, +, +, - for Fel through Fe7 (see Fig 1).
The net spin S was controlled through occupations of the unrestricted o and 3 orbitals in the usual way.
The COSMO continuum solvation model ™’ was applied: dielectric constants in the range 5 - 30 had
negligible effect on optimised geometries. Incorporation of continuum solvation improved the DF scf
convergence in calculations of the large models used here. In the reported results all compared energies
were calculated with the same dielectric constant.

Validations Details of the validation of this DMol/BLYP methodology against experimental data have
been published for metal sulfide clus‘[ers,48’49 FeMo—co,5 05137 and systems with H, H, and/or N, bound to
Fe.”>>* The calculated internal energy change for N, + 3H, — 2NHj3 is -14.8 kcal mol-1;>* Siegbahn™
states without reference that the experimental value is -17.8 kcal mol-1. The calculated AH; of NH3 is -
12.6 kcal mol-!; experimental -11.9 kcal mol-1.”® Since the present paper is primarily concerned with
hydrogen bonds involving water molecules and carboxylate groups, and the making and breaking of those
hydrogen bonds, additional tests of the accuracy of the computational procedures have been undertaken
for the benchmark water dimer, the hexagonal water hexamer, hydrated hydronium ion HgO4* and
hydrated Zundel ion H;30¢*, and the symmetric acetic acid dimer. The outcomes, detailed with
references in the Supplementary Information, are summarised as: (a) O--O distances are accurately
reproduced (within 0.02A) for gas phase systems; (b) the electronic energy for formation of (H,O),
calculates as -4.91 kcal mol-!, vs experimentally derived -5.44 kcal mol-!, and is within the range (-4.5 to
-5.4 kcal mol-1) spanned by other high-level calculations; (c) the standard gas phase enthalpy of
formation of the water dimer is calculated to be -3.19 (298K), slightly less than the experimental
measurement (373K) of —3.59 + 0.5 kcal mol-!; (d) the electronic binding energy of hexagonal (H,O)g is
in the centre of the range of other high-level calculated values; (e) the O--O separation of the short central
symmetrical O-H-O bond of the hydrated Zundel ion is calculated (2.44A) just shorter than the reported
MP2 value (2.49A); (f) the calculated standard gas phase enthalpy of formation of the symmetrical acetic
acid dimer is slightly smaller than the experimental value (-13.4 vs -15.0 kcal mol-!; (g) the calculated
gas phase O--O distance in the symmetrical acetic acid dimer (2.69A) is indistinguishable from the
experimental value (2.68A).

Mapping the potential energy surface The reaction sequences explored here involve the making and
breaking of O-H and S-H bonds, and of O-H--O and S-H--O hydrogen bonds. These processes occur
within a plastic network of water molecules and protein, and, further, concerted motions of a number of
water molecules and their surrounds could be expected. In this context where reaction trajectories and
energy barriers can involve multiple geometrical variables, conventional methods for computing
transition states along simple reaction coordinates are inappropriate and fragile. Therefore the general
approach taken here involves first identification of energy minima, followed by a broad mapping of the
potential energy surface between minima, progressing to the relevant saddle-points. This is done using
the following pragmatic procedure.5 ™8 First a chemically reasonable geometry between energy minima
is evaluated by observing the directions and extent of geometry change during an energy minimisation
that is restricted to small (ca 0.05A) atom displacements at each cycle. This reveals both the significant
geometrical variables (ie which atoms are moving) and energy gradients, and the direction of the barrier
relative the 'reactant' and 'product' minima. Then an atomic arrangement on the other side of this barrier
is found (by trial and error and chemical experience) and calculated similarly, revealing any additional
moving atoms or variations in hydrogen bonding that are involved in the process and therefore need to be
considered in subsequent trials. This provides a rough location of the transition saddle. The third energy
minimisation starts from an atom arrangement just back across the trial barrier towards the 'reactant’ state.
Repetition of this cycle, with subsequent short small-step energy minimisations, always starting from a
point just on the other side of the barrier, allows the barrier to be straddled from opposing trial positions
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that progressively approach each other in geometry and energy, and eventually converge at the transition
state (TS). During this iterative procedure the energy gradients diminish, and approach zero at the TS
An essential component of this procedure is the alternation of trial positions across the barrier, because
this automatically leads to optimisation of all geometrical variables (including those that are not obvious
or are unrecognised during the trial energy-minimisations), and the resulting convergence point is the
correct TS, the lowest point on the energy saddle between reactant and product. Confirmation is obtained
by following the complete trajectory of geometries from positions nudged just away from the TS, linking
the TS with the connected reactant and product energy minima. In practice the procedure is stopped
when the energy, geometry and gradient differences between sequential straddling trials become so small
as to be chemically insignificant. This pragmatic procedure is laborious, but insightful, and with
experience can be made to work efficiently.

Results
6. Optimised model A: protein restraints

In order to retain realistic surrounds for the water chain, model A was first optimised with the positions of
some protein atoms fixed: these fixed atoms were Ca. of 94Ala, 96Arg 2311le 4251l 442His 443Ser,
446Tyr, B'-522Val, CB of 440C1u, and C§ of B-105ArE, All other atoms, and the position of FeMo-co, were
unrestrained. After optimisation there were increases of ca 0.4A in the distances between these fixed
atoms and the central C¢ atom of FeMo-co, relative to the crystal structure. The hydrogen bonding
distances within the water chain and to its surroundings in the calculated model were close to the crystal
distances. This protocol was tested by subsequent release of the constraints. Results are detailed in
Table S4, which compares crystal distances with (a) distances in the optimised model with constraints, (b)
distances after removal of constraints. Overall the geometrical variations are consistent with normal
dynamical variability of proteins.59

7. Hydrogen bonding possibilities for W1, W2 and W3

The three water molecules at the FeMo-co end of the chain, W1, W2 and W3, can each have various
orientations of their H atoms, and can participate in various hydrogen bonding arrangements. It is
necessary to appreciate these variabilities before postulating and testing mechanism for H transfer. Fig 10
pictures eleven structures that illustrate some of the arrangements of H atoms and hydrogen bonds at W1,
W2 and W3: all are energy-minimised structures except example 1 which optimises to example 4. In
these structures, the pentagonal array O5-W1-W2-W3-06 containing four hydrogen bonds is a recurring
motif. Referring to Fig 10, a number of properties are evident. (a) A donor hydrogen bond from NH of
97Arg to W2 is always present. (b) W1, when involved in a hydrogen bond with W2, can direct H atoms
between S3B and O5 (example 1), to O5 and S5A (ex 2), backwards to S4B only (ex 3), to O5 only
(examples 4, 5, 6,7, 9, 10), or to S5A only (eg 8). (c) The CO function of 442His can function as
hydrogen bond acceptor from W1, or from W2, or not be involved in hydrogen bonding. (d) W1 and W3
can exist as H30; a stable intermediate with H30* at the W2 position has not been found. (e) The
weakly basic coordinated carboxylate OS5, and slightly more basic O6, can be protonated by H3O*" at W1
or W3 respectively, depending on the other hydrogen bonding at W1 and W3. H atom sliding between
05 and W1, and between O6 and W3, is generally a very low energy barrier process: example 5 contains
a very short (2.44A) tight O-H-O bond between W1 and O5. (f) Hydrogen bonding can be absent
between W1 and O5 (ex 3, 8, 11). (g) Hydrogen bonding can be absent between W1 and W2 (ex 9) and
between W2 and W3 (ex 10). (h) W2 can direct its H atoms towards both W1 and W3 (ex 6, 8): a
consequence of this is the blocking of H atom transfer steps through W2 (see Fig 8 (b)).
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06 '&W3

Fig 10. Different arrangements for the hydrogen atoms (cyan) associated with W1, W2 and W3.
The various hydrogen bonds with some of (i) OS5, O6 of hca, (ii) S atoms S3B, S4B or S5A of
FeMo-co, (iii) the carbonyl O of 442His (labelled as CO), are drawn as black/white broken
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bonds. In all cases there is a hydrogen bond from NH of 97Arg (marked as dark blue). Parts of
FeMo-co, and other atoms of model A, are not shown.
It is clear that W1 is a versatile agent for the transfer of protons to atoms of FeMo-co. This arises
because W1 is not required to form a constraining hydrogen bond with any of its neighbours. The
geometry of the space containing W1 is propitious for H transfer steps.

The key link to the remainder of the water chain is W3, which is surrounded by four hydrogen bonding
entities in tetrahedral array. There are 13 possible configurations for H atoms and hydrogen bonds at W3,
shown in Scheme 1 where they are classified according to the anterior/posterior directions of H atoms at
W3, W2 and W4. Not all of these are energy minima, but a number of them are part of the mechanisms
developed further below. In particular, the isomers with H30+ at W3 generally transfer a proton to O6 if
06 is not already protonated. The carbonyl O of 9561 accepts a hydrogen bond from W3 in all isomers
investigated.
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Scheme 1. Possibilities for the locations of hydrogen atoms associated with W3, classified
according anterior/posterior directions. Arrows indicate barrierless changes.

8. Hydrogen bonding at W4, W5, W6, W7

At W4 and W5, the hydrogen bonds with surrounds external to the water chain are as shown in Fig 9, for
all mechanistic intermediates. W4 donates to O3 of hca and receives from NH, of B-105Ar8, while W4
donates to OH of 446Tyr and receives from Neg of B-105Ar8, At W6 there is one well-defined donation to
CO of 95G1y: note that this carbonyl also accepts from W3, and appears to be a significant stabilising
connector for the water chain loop W3-W4-W5-W6. The Cel-H group of 446TYr points towards W6, at
a distance that might be construed as a long, weak C-H--O hydrogen bond, but the angles between this
vector and the other hydrogen bonds to W6 deviate strongly from tetrahedral (see Table S5), and the Cel-
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H--W6 interaction is not significant. As shown below, the Cel1-H--W6 vector does not impede rotation
of an H atom of W6.

Before exploring extended proton transfer mechanisms, I report some general characteristics of the water
rotation steps and proton slide steps that comprise the Grotthuss mechanism in nitrogenase.

9. General characteristics of HOH rotation steps

In order to demonstrate the general principles for rotation steps, a sequence of optimised intermediates
connected by rotations of water molecules W3, W4, W5 and W6 is shown in Fig 11. First W3 rotates
(around its W3-H--OC95G1Y axis) such that the other H changes hydrogen bonding direction from W4 to
06 (intermediate R1 to intermediate R2). Then W4 rotates (about its W4-H--O3 axis) from W5 to W3
(R2 to R3), and similar rotations follow at W5 (R3 to R4) and W6 (R4 to R6). The structure RS is the
saddle-point for rotation of W6 as it changes from its hydrogen bond to W7 to W5. The HOH geometry
does not change during rotation. In each rotation step one hydrogen bond is broken and another is
formed, and in the transition domain neither hydrogen bond exists. This is reflected in the optimised
geometries (Fig 11 and Table 2). The non-hydrogen bonded distances between water molecules are much
larger than 3A, up to 3.8A, while the hydrogen bonded distances are ca 2.8A, the norm.” At the
transition states, where there are no hydrogen bonds to either contiguous water molecule (or hca O), both
adjacent distances are elongated, 3.1 — 3.6A. Thus, in a sequence of rotation steps along a water-chain
there is a ripple of elongating and re-shortening O--O distances.

Table 2 contains the relative energies for the stationary points traversed through this sequence of
rotations, showing that the magnitude of the undulations on the potential energy surface is just a few kcal
mol-1. The RS barrier involves W6 rotating past, but not near, the weak interaction with HCg1(446Tyr)
(see Fig 4, Fig 5): the closest H--H approach between W6 and HCg1(4461Yr) is 2.6A. The angle through
which W6 rotates is about 140°, and the energy barrier (5 — 6 kcal mol-1) is larger than the other barriers.
The energy variations of Table 2 reflect the energies of the water—water hydrogen bonds involved,®"®?
and their rupture. The flatness of the potential energy surface means that accurate transition states are
more difficult to calculate, but are not needed to understand water molecule rotation behaviour. Clearly
there is no energy advantage for concerted rotations along a water chain. The full mechanism described
below contains details of another sequence of rotations, starting at W3 and ending at W8.
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Table 2. Distances (A) and relative energies (kcal mol-1) for intermediates and transition states in the
sequential rotation of water molecules W3, W4, W5 and W6 shown in Fig 11. Elongated distances are
bold.

intermediate, 06--W3  W3--W4 W4--W5 W5--W6 W6--W7  W7--W8  relative energy
transition state

R1 3.77 2.83 2.79 2.74 2.81 2.87 0
W3 rotating 3.44 3.10 2.83 2.74 2.80 2.86 35
R2, W3 rotated 2.88 3.29 2.80 2.74 2.79 2.86 2.8
W4 rotating 2.94 3.11 3.43 2.76 2.79 2.85 54
R3, W4 rotated 2.83 291 3.22 2.75 2.80 2.85 2.2
WS rotating 2.80 2.81 2.97 3.34 2.85 2.85 4.5
R4, W5 rotated 2.82 2.81 2.83 3.58 2.83 2.85 3.8
RS, W6 rotating 2.81 2.83 2.83 3.50 3.62 2.88 9.7
R6, W6 rotated 2.82 2.82 2.77 291 3.60 292 4.8

10. General characteristics of proton slide steps

Fig 12 shows a sequence of intermediates involving proton slides, from W7 (S1) to W6, W5, W4, W3
and then O6 (S6). These slides shift an H;O* site through the water chain, from W7+ through to W3+,
and finally W3+ protonates O6 of hca (the symbol Wn* is used hereafter to indicate that Wn is H30).
Table 3 reports the distances between water molecules in the chain, and the relative energies of the
intermediates. The main result is that H30% contracts its hydrogen bonds to the two contiguous water
molecules, from the normal hydrogen bonding distance of ca 2.8A, to ca 2.5A. Aseach proton slides
from its anterior position to posterior position, the water molecules in the water path contract towards the
location of H30%, and the contraction relocates along the path. In S6 the hydrogen bond between O6-H
and W3 is not as short (2.6A) because there is no formal H3O*.
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Fig 12. Intermediates in the series of proton slides, from W7 to O6 of hca. The invariant

arrangement of other H atoms at W2 and W1 is shown for S1.

The more stable locations for H;O* are W6 and W3. The lower stability of H3O* at W5 and W4 is
attributed in part to the hydrogen bonding geometry: the hydrogen bonds between W5 and W4 are bent
by 20 —30°. In addition, the external hydrogen bonds engaged by W5 and W4, to 4461y and hcaO3, are
geometrically opposed to the direction of W5-H-W4 hydrogen bonds, and therefore could inhibit W5--
W4 shortening.
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Table 3. Relevant distances (A) and energies (kcal mol-!) of optimised intermediates in the series of
proton slides, from W7 to O6 of hca (see Fig 12): the symbol Wn* indicates that Wn is H;O*.

intermediate  W8--W7 W7--W6 W6--W5  W5--W4  W4--W3  W3--06 relative energy

S1 W7+ 2.58 2.49 277 277 2.81 2.67 0
S2 W6+ 275 2.54 2.60 272 2.81 2.66 -2.5
S3 W5+ 2.77 2.66 2.52 2.56 2.77 2.69 7.5
S4 W4+ 2.80 2.73 2.62 2.52 2.51 2.62 7.4
S5 W3+ 2.82 2.75 2.66 2.60 2.52 2.49 4.5
S6 O6-H 2.85 2.80 2.72 2.76 2.76 2.60 -5.3

The preceding slide, W7 to W3, was calculated as a sequence of individual proton movements. The
potential energy barrier arises in the less stable W5+ and W4+ intermediates. A different slide operation,
from O6 to W3 to W2 to W1 to OS5, was found to proceed as a concerted atom movement, with one
transition state, as shown in Fig 13 converts hca protonated at O6 to hca protonated at O5. The transition
state is 7.3 kcal mol-! above the two limiting configurations. The distances marked in Fig 13 show the
geometrical asymmetry of the TS, in which the first H is almost completely transferred to W3 and the last
H is still to be moved from W1: the movements between W3--W2 and W2--W1 are partial. A feature is
the tight hydrogen bonding at the TS, with the W3--W2 separation only 2.46A, and W2--W1 only 2.48A.
These short distances are the same as those observed experimentally in other systems.“’65
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Fig 13. A concerted proton slide with a single transition state: distances (A) and relative
energies (kcal mol-1) are marked.

11. H transfer to S3B

The essential step in the overall process is transfer of a proton to FeMo-co, with S3B the most likely
recipient atom. Water W1 and OS5 of hca are the two sites close to S3B that are capable of bearing
protons, and are potential transfer agents. Scheme 2 (a) outlines possible pathways that could contribute
to proton transfer to S3B via W1 or O5. The path from OS5 to S3B, while attractive geometrically, has a
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disability that makes it very unlikely. The saddle-point for this transfer, which can also incorporate an
interaction with W1 as shown in Scheme 2 (b), is connected on the potential energy surface to an O5-H
structure that has irregular geometry at O5. The pathway down the potential energy surface from the
saddle-point continues past this irregular structure by full dissociation of the O5-H moiety from Mo. The
essential difficulty here is that the bonding stereochemistry at O5 that is needed to pass H to S3B is
incompatible with the stereochemistry of O5 bonded to Mo. Alternatively stated, Mo and the proton
transferring to S3B compete for the same lone pair orbital on O5. The Mo coordination of OS5 required
for its position close to S3B is incompatible with the required C-O-H geometry at O5. Therefore, because
a suitable precursor intermediate is not available, this proton transfer pathway from OS5 to S3B is
discounted.
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Scheme 2. (a) Possible pathways for H transfer to S3B. (b) Direct transfer from OS5 to S3B is
thwarted by connection to an inappropriate energy well with O5-H dissociated from Mo.

Proton transfer from W1 directly to S3B is stereochemically favoured, at both W1 and S3B, provided that
the water molecule at W1 does not direct one O-H towards SSA (the SSA-W1-S3B angle is too small, ca
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60°). Also, the W1 to S3B transfer requires that O5 not be protonated (for geometrical reasons). W1
must be in a protonated state, H;O™, to be able to transfer a proton to S3B.

The favourable trajectory from W1 to S3B passes through the transition state shown in Fig 14, and Table
4 provides key metrics. The atoms that move in passage through the TS are Fe6--S3B--H--W1, in
approximately linear sequence. At the T'S, H2 on W1 (see Fig 14) is not directly hydrogen bonded to any
other atom (and neither is HP at W2). This transition state has been determined for two redox states of
FeMo-co (the standard resting state, S=3/2, and the one-electron reduced state, S=1). The overall electron
population affects the character of the TS, in that reduction by one electron has the H atom shifted
towards W1 in the TS (Table 4). That is, S3B is able to capture the proton from H3O+ at a longer
distance when the complete system is reduced by one electron. This is because electronation increases
the negative charge specifically on S atoms of FeMo-co:%7-%3
unaffected by electronation (Table 4).

charges on other atoms in the system are

W3

Fig 14. Transition state for transfer of H from W1+ to S3B. The changing bonds are marked
yellow/cyan; black/white are hydrogen bonds.
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Table 4. Distances (A) and Mulliken atomic charges at the transition state for H transfer from W1+ to
S3B.

TS resting state one-electron reduced
S=3/2 S=1
distances

H - S3B 1.69 1.78

H-WI1 1.30 1.22

S3B - W1 2.98 2.99

S3B - Fe6 2.58 2.58

W1 -05 2.82 2.82

WI1-W2 2.99 3.06

charges (Mulliken)

S3B -0.74 -0.80

H 0.38 0.38

O of W1 -0.47 -0.43

Fe6 0.58 0.57

05 -0.62 -0.62

Fe7 0.58 0.57

Mo 0.92 0.90

S4B -0.65 -0.72

Characteristics of the trajectory for H transfer from W1+ to S3B are shown in Fig 15. The W1--S3B
distance, 4.05A in resting protein, shortens to ca 3A during the transfer, and this property is analogous to
the shortening that occurs during proton slides between water molecules. As the S3B-H bond is formed
the S3B-Fe6 bond lengthens, as is characteristic of the protonation of bridging S atoms in metal sulfide
clusters.®** Continuation of the transfer trajectory beyond the central stage shown in Fig 15, takes
reactant W1+, and product W1, into the spaces in which they are relatively fluid and able to reorient their
hydrogen bonds. These further changes are indicated by the continuing energy changes at the limits of
Fig 15. In the reactant stage for the transfer, where W1 is H30%, energy minimisation occurs through
reorientation of W1+ to form a hydrogen bond with OS5, and then transfer of a proton to O5. In the
product stage of the transfer, W1 reorients first to form donor hydrogen bonds to S4B and W2, and then
reorients further to form donor hydrogen bonds to O5 and W2. These reorientations of W1+ and W1 that
precede and follow the essential proton transfer from W1+ to S3B are considered further below as part of
the full mechanism.

DT-ART-08-2015-003223 revised September 24, 2015 Page 26 of 38



Page 27 of 39 Dalton Transactions

Fe6 Fe7 Fe6 Fe7
3\ \’333/
S3B.. .. ~H.-.
| TH—wq M{ = w1
/MO\ H H — & H H.
& 05 05 -
\ / W2 \ w2
—Cc—¢C gt \ —Cc—¢cC i %
\ H
/ 06-. 06-....
....H~W3\H “H—W3\H
- 0
-2
-4
relative energy
-6
-8
r -10
12
4.0 1 / - -14
3.5 1
S3B-W1
3.0 7
25 1
Fe6-S3B
2.0 ;
S3B-H
1.5 o
1.0 1
W1-H
0.5 !
distance energy
A kcal mol-!

DT-ART-08-2015-003223 revised September 24, 2015 Page 27 of 38



Dalton Transactions Page 28 of 39

Fig 15. Points on the central section of the trajectory for proton transfer from W1+ to S3B, as
calculated for the resting S=3/2 state of FeMo-co.

12. Reconfiguration of S3B-H, and recovery of S3B

Protonation of triply-bridging S3B elongates the S3B-Fe6 bond and forms doubly-bridging S3B-H in the
exo-configuration: that is, the S3B-H bond of pyramidal S3B is exo to Fe6. The reconfiguration of
stereochemistry around S3B is readily achieved by concerted lengthenings and shortenings of the bonds
between S3B and its three Fe neighbours. These rearrangements have been described computationally for
FeMo-co (with a simplified in vacuo model)” and in more detail for Fe,S4X, clusters.”” Here the
reconfiguration of S3B-H has been recalculated with a more elaborate model B (see above). The
essential results are shown in Fig 16. There are four stable configurations, 3b2, 3b3, 3bS and 3b6, in
each of which S3B-H has pyramidal stereochemistry, and one of the S3B-Fe distances is elongated by 0.4
—0.6A. In 3b2 and 3b6 the S3B-H bond is endo to the more distant Fe atom, while in 3b3 and 3b5 this
relationship is exo. These four energy minima are connected by four transition states, in which the S3B-
Fe distances equalise before transitioning to elongation of the other S3B-Fe bond. The interchanges of
the S3B-H configurations occur not by passage through a planar Mo-(S3B-H)-Fe intermediate, but by
lower energy processes involving weakening of Fe-SH bonds and small movements of the H atom. Note
that the 3b2 <> 3b3 and 3b5 <> 3b6 barriers are < 3 kcal mol-!. Note also that the transition states for
3b2 <> 3b6 and 3b3 <> 3bS involve approximately tetrahedral stereochemistry at S3B, and are 8§ — 11
kcal mol-! higher in energy. These characteristics of S3B-H in FeMo-co are the same as those calculated
for the protonation of pu3-S in other metal sulfide clusters. In the present context, the significant result is
that S3B-H as formed by H transfer from W1, in the 3bS configuration, is able to isomerise to a
configuration such as 3b3 or 3b2 in which the H atom is on the side of S3B opposite to W1.
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Fig 16. The configurations of S3B-H. Structures 3b2, 3b3, 3bS and 3b6, with pyramidal Mo-
(S3B-H)-Fe stereochemistry, are the energy minima: the other four structures are the transition
states that connect them. Fe-S and Mo-S distances (10\) are marked, and the numbers in the boxes
are relative energies (kcal mol-1).

The H atom on S3B in configuration 3b2 is readily able to migrate to Fe6, towards which it is directed.
Using the same model B, the barrier for this is calculated to be just 4.2 kcal mol-!, and the product with H
in the exo coordination position of Fe6 is 13 kcal mol-! below the saddle point. This last step returns S3B
to its resting triply-bridging state, ready to receive a subsequent H atom from the proton transfer chain.

13. Construction of a complete mechanism

The complete mechanism is envisaged as a cycle with the following components (a) introduction of a
proton at the distal end of the proton path (W8), (b) movement of a proton through the water chain to W1,
the precursor for transfer to S3B, (c¢) addition of an electron to FeMo-co, (d) H transfer to S3B, (e)
reconfiguration of S3B-H, and migration of H to other atoms of FeMo-co away from S3B, (f)
rearrangement of the water chain in order to repeat the cycle. These events need not occur in this
temporal sequence. Another factor in the formulation of the full mechanism is the differentiation of
sections of the proton path, and recognition that H3O™ is stabilised at the W6, W3 and W1 positions of
the water chain. Also, O6 and OS5 of hca are relatively basic sites that can be protonated by H3;0*
occurring at positions W3 and W1 respectively: O6 and OS5 provide a buffering facility for the proton
translocation mechanism.

Consideration of possible sequences of events has generated a general mechanism with the intermediates
and steps outlined in Fig 17. In order to clarify the presentation, this mechanistic sequence will be
outlined first without elaboration, and then the geometrical and energetic properties of the potential
energy surface for the component steps will be developed in more detail.
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Fig 17. The main intermediates and steps in the proposed mechanism. Yellow background
highlights steps that occur at W1 and S3B, including reorientation of W1 and H transfer to S3B;
cyan backgrounds highlight H slide steps that have occurred from the previous intermediate;
green backgrounds highlight rotations of water molecules that have occurred from the previous

intermediate.

State A could be regarded as a resting state: the FeMo-co electronic state is S = 3/2. Structure A is
relatively stable, mainly because O5 has been protonated by H;O+ at W1. In order to prepare the
geometry for H transfer to S3B, state B needs to be reached, by reversing the protonation of O5, and re-
orienting H30* at W1 so that one O-H bond is directed towards S3B. This change involves W1 moving
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close to O35, then H slide to W1, and some rotation of W1, and it occurs as a single trajectory, with no
intermediate energy wells. State B is ca 12 kcal mol-! less stable than A. About 2 kcal mol-! of this
energy difference is associated the H slide to W1, about 5 kcal mol-! is the cost of W1+ moving away
from O3, and about 5 kcal mol-! is associated with re-orientation of W1+,

State B (also S=3/2) is the precursor for H transfer from W1+ to S3B, resulting in intermediate C. This
transfer has been described above (section 11). At some point in the conversion from B to C it is
presumed that an electron is added to FeMo-co, via the P-cluster, using the separate electron transfer
machinery. Itis presumed also that protein dynamical changes provide the linkage between electron
transfer to FeMo-co, and proton transfer to S3B, but the present modelling does not contribute to these
questions. As already mentioned (section 11) electronation of FeMo-co concentrates negative charge on
its S atoms, favouring proton transfer from W1+ to S3B. Intermediate C is modelled as containing an H
atom on S3B, comprised of the proton transferred from W1+ and the added electron. The atom charges
for H atoms on FeMo-co have been described in more detail elsewhere.”' The stable electronic state of C
is calculated to be S=I.

Intermediate D is the result of the subsequent reconfiguration of S3B-H and the migration of the H atom
away from S3B, as described in section 12. The computational models of D and subsequent
intermediates do not include this migrated H atom, because it is not part of the proton transfer through the
water chain. The electronic state of D is calculated to be S=3/2.

The next step is addition of a proton at the W8 end of the water chain. In D the water molecule at W8 has
the anterior configuration, and so is ready to receive a proton from the more distant part of the water
chain, ie W9 which is not explicitly modelled. This proton addition causes a spontaneous proton slide
from W8 to W7, and the stable intermediate at this point is E, which contains W7*. The stable electronic
state is still S = 3/2, and this electronic state is preserved throughout the remainder of the mechanism.

At this stage the water molecules W7, W6, and W5 are configured anterior, W3 is anterior towards O6
but not W2, and W2 and W1 have the posterior configuration. In order to recover the starting state, that
is to transform intermediate E with H30O* at W7 to intermediate A with H3O* at W1, the Grotthuss
mechanism requires that there be slides and rotations at all water molecules from W7 to W1. For those
water molecules with anterior configuration the slide must precede rotation, and vice versa for those with
posterior configuration. Since the proton pressure is from W7+, the slides from W7 through anterior W6,
W5, W4 and W3 are introduced next. These are the sequential slides already described above in Fig 12
and Table 3, concluding with protonation of O6 by W3*. The outcome is intermediate F, which is 5 kcal
mol-! more stable than intermediate E.

At intermediate F all water molecules are in the posterior configuration, and therefore are primed for
rotation steps. It is necessary that rotations occur starting at the front end of a sequence of such posterior
water molecules (Fig 7). As already described, water rotations are characterised by flat energy surfaces
and increased W--W separations, and so are not tightly concerted. Therefore the first rotation for
intermediate F occurs at W1, rotating from W2 to O3, leading to intermediate G. The saddle point for
this step is difficult to pinpoint because the energy surface is so flat, but the barrier is less than 2 kcal mol-
1. Then W2 can rotate forward to yield intermediate H (Fig 17), and the barrier for this is also less than 2
kcal mol-!. The small energy changes involved in these rotation steps at W1 and W2 are comparable with
the general re-orientation energies for the orientationally fluid water molecules W1 and W2. Note that in
G and H both W1 and W2 each have one O-H bond not specifically hydrogen bonded to a surrounding
acceptor. There is another energy minimum in this spatial domain, in which W2 directs its O-H bonds
anterior to W1 and posterior to W3: this is the configuration illustrated in Fig 8 (b), that blocks proton
transfer, and is to be avoided.

DT-ART-08-2015-003223 revised September 24, 2015 Page 31 of 38



Dalton Transactions Page 32 of 39

Once W2 has rotated forward (H) and W2--W3 is 'empty’', W3 can rotate from posterior to anterior while
maintaining its donor O-H hydrogen bond to OC-95G1Y and acceptor hydrogen bond from O6-H. This
can then be followed by rotations at W4, W5, W6, W7 and W8, reaching intermediate I. This sequence
of rotations is similar to that described above in Fig 11 and Table 2, in that an absence of hydrogen
bonding between contiguous water molecules moves backward through the water chain, and translations
(as well as rotations) of water molecules occur because each non-hydrogen bonded water pair is separated
by larger distances up to 3.6A. Note that the sequence of rotations between intermediates H and I differs
from that in Fig 11 because the O5--W1--W2--W3--06 cycle is configured differently. The potential
energy surface undulates through the H — I sequence as: W3 posterior = 0 kcal mol-!, W3 rotation
saddle point = +5.9 kcal mol-1, W3 rotated = +2.7 kcal mol-!, W4 rotated = +0.4 kcal mol-!, W5 rotated =
+4.7 kcal mol-!, W6 rotation saddle point = +9.7 kcal mol-!, W6 rotated = +3.9 kcal mol-1, W7 rotated =
+3.4 kcal mol-!, W8 rotated -2.0 kcal mol-1. As previously, high accuracy has not been sought because
the surface is relatively flat.

The last stage, intermediate I to intermediate J, involves proton slides from O6 to W3 to W2 to W1 to
05, and these occur in concert as already described in Fig 13.

This completes the cycle: intermediate J has the same arrangement of protons as state A, and passage to it
has moved a proton (with concomitant electron) onto FeMo-co and replenished the proton by addition at
WS8. The whole cycle is energetically fairly flat, with the largest potential energy barrier occurring in the
preparation for transfer of a proton from W1+ to S3B. The proton has to be extracted from OS5 onto W1
and then directed towards S3B, and the energy barrier here reflects the greater basicity of O5 over S3B.
Excluding the effect of electron addition during this process, that is by comparison of models with the
same electron population, the energy step from state A to the saddle-point for H transfer to S3B is +14
kcal mol-!, and this is the largest barrier in the complete cycle.

Discussion

The water path from the surface of the MoFe protein of nitrogenase to its active site FeMo-co has been
modelled in more detail than previously, with explicit inclusion of all relevant surrounding residues. The
bond-making and bond-breaking processes that are involved in the translocation of a proton along the
strictly conserved inner section of eight water molecules and onto FeMo-co have been characterised
through density functional simulations using a model containing 269 atoms. Some of the proton shifts are
typical of the slide and rotation phases of a standard Grotthuss mechanism, while other steps are specific
to the nitrogenase structure. In particular, the proton buffering actions of O5 and O6 of homocitrate are
unique, and O3 of homocitrate is also involved. Another key property of the nitrogenase water chain is
the orientational versatility of W1 immediately adjacent to FeMo-co, and the hydrogen bonding
versatility of W2 and W3. Electronation of FeMo-co is also a key aspect of nitrogenase reactivity. The
modelling supports the hypothesis that addition of an electron to FeMo-co is coupled temporally with its
protonation, such that an H atom is added to FeMo-co.

After consideration of alternatives at the various stages of the mechanism, a specific mechanism
containing 20 individual steps is proposed. For most of this mechanistic sequence the potential energy
surface is remarkably flat, undulating by < 5 kcal mol-!. The largest potential energy barrier is estimated
to be 14 kcal mol-1, for the preparation of H3O* at the W1 position in order to reach the saddle-point for
proton transfer to S3B. While state A is suggested as the resting state, the protein could rest at other
intermediates.

This proton translocation mechanism is capable of the serial hydrogenation of FeMo-co that is required in
the full catalytic cycle for the physiological reduction of N,, and for the majority of other substrates of
nitrogenase.’>" Indeed, the mechanism proposed here is capable of delivering an unlimited number of
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protons to FeMo-co, for the various reactions catalysed there. It has been suggested that the side-chain
Ne-H of 195His, which is within hydrogen bonding distance of S2B, could be a proton donor for some
reactions of nitrogenase.4 A considerable body of reactivity data for proteins modified at residue 195 has
been considered in terms of this possible protonation capability.”'76 However it is not clear how more
than one proton could be delivered from 195His, because a straightforward mechanism for replenishment
of this proton on 195His is not evident, and disruptive full rotation of the imidazole ring would be
required."’

Homocitrate. At this point it is prudent to review the experimental data for proteins that substitute other
di- and tri-carboxylic acids for homocitrate, since homocitrate is a key facilitator of the proposed
mechanism. Many isomeric and similar hydroxy-carboxylic acids were tested as substitutes for
homocitrate, by measurement of activities for reduction of N,, C,H, and H*.”””® With the exception of
erythro-1-fluorohomocitrate which retains the required structural elements of physiological homocitrate,
all substitutes demonstrated severely diminished or undetectable ability to reduce N,. Some substitutes
(citrate, R-citramalate, cis-aconitate, 1-fluorohomocitrate) retained 50 - 70% of wild-type C,H, reduction
activity, and a larger number of homocitrate analogues demonstrated only partially diminished activity for
proton reduction. Results for citrate, which cannot present the CH,CH,COO- arm containing O3 (Fig 3),
are informative, because the crystal structure of the mutant Nif V- Kp1 protein of K. pneumoniae
containing citrate rather than homocitrate has been determined. This structure (PDB 1H1L) contains
ambivalent density in the relevant domain around Mo, best modelled as part occupancy by citrate and part
occupancy by water.” The citrate structure retains the equivalents of homocitrate O5 and O6. The
water-chain W1 to W8 is intact in 1H1L, and there is a hydrogen bonding connection from W4 to the
citrate carboxylate proxy of O3. Because the citrate arm containing this carboxylate is one CH; shorter
than that in homocitrate, this W4--citrate hydrogen bond is longer (3.5/0\) than W4--O3 (2.910\). This is
consistent with operation of the proton translocation mechanism with diminished efficacy in the citrate
mutant, and the observed diminished ability to reduced C,H,. It is significant that the degree of
diminution of activity in the mutant p1r0teins77’78 correlates with the number of protons required for the
reaction (6 for N, > 2 for Co,H, and H*), and with the difficulty of substrate reduction (N, > C,H, > H™).
My conclusion for wild-type nitrogenase is that the proton translocation mechanism detailed here is
obligatory for the reduction of N, and other substrates that require serial supply of multiple protons,
whereas alternative proton supply routes could be sufficient for substrates requiring only two protons per
reduction cycle.

Protein dynamics. How can the proposed mechanism for serial proton supply be further developed? The
model calculated here has allowed some flexibility in the residues surrounding the water chain, but larger
motions, and probably concerted movements, could be expected. In addition, the proposed proton
translocation mechanism is yet linked to other mechanistic events in the reaction of nitrogenase — events
such as N, ingress and binding, the operation of the Fe protein cycle and electron transfer to the P-cluster
and to FeMo-co, and modification of the shape of FeMo-co as N, is hydrogenated to NH3 on its surface.
These observations point to the next objective, to understand larger scale conformational changes in the
nitrogenase proteins, the character of the allostery in the full mechanism, and the low frequency dynamics
of the MoFe nitrogenase protein.go’81
been reported, with the specific objectives of identifying substrate or inhibitor transport pathways.sg’82 An

All-atom molecular dynamics investigations of nitrogenase have

alternative approach uses elastic network models (ENM) and normal mode analysis of coarse-grained
structural models of the protein and cofactors.*®® This method captures large-scale collective structural
motions, and the correlations of these motions for structural and functional elements of the protein, on
relatively slow biologically-relevant time scales beyond the range of conventional molecular

dynamics.87’88
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Experiments involving modification of targeted residues to test this mechanism for proton transfer were
discussed in the previous paper."’

Extensions. The results here provide an elaborate quantum calculation of the bond-making and bond-
breaking steps for the Grotthuss mechanism of proton translocation, within an actual protein structure,
with more detail than previously available. The potential energy surface mapping provides information
about the distinctive geometry and energy changes for the slide and rotation steps involved. It has been
sometimes thought that the rotation component would incur a substantial energy penalty,28 but this is not
so, because the barrier is effectively just that of breaking a single OH--O hydrogen bond. Further, the
distinctive characteristic of the slide step is seen to be a very short O-H-O hydrogen bond, in the realm of
such bonds that have been widely investigated as low-barrier-hydrogen-bonds.** Also revealed here is
the rippling character of the water-water separations, between extremes of 2.45 and 3.5A, as the slides
(H30%") and rotations progress along the chain.

These DFT-revealed bond making and breaking properties are not accessible via the parameterised
molecular dynamics calculations of intra-protein water chains,”?* of which the proton pumping 'D
pathway' in cytochrome c oxidase (CcO) is the most studied.”**> T have already described'” the structural
similarities between the water chain in nitrogenase and the D chain in CcO,%'98 both of which translocate
protons in one direction only (proton transfer in the 'K water chain' of CcO is different, being coupled
0299’94’100). The nitrogenase water path and the CcO D water
chain contain similar numbers of water molecules, enclosed with strongly hydrogen bonding functions
from the protein main-chain (O) and side-chains OH from tyrosine, serine, NH, from arginine,

with electron transfer and reduction of

asparagine, carboxylate from aspartate: the main difference is the more frequent occurrence of main-chain
N-H eee water hydrogen bonds in the nitrogenase pathways. The present results for nitrogenase could
assist in understanding the mechanism of Grotthuss proton-translocation through the D pathway of CcO,
a process that has already been investigated using molecular dynamics.lo1 In drosophilid alcohol
dehydrogenases an eight-membered water chain apparently facilitates proton egress from active site to
solvent.'” 1 emphasise that the descriptions here for nitrogenase, and suggestions for CcO and related
systems, concern only the mechanism of proton-translocation, not the thermodynamic factors controlling
the direction of proton transfer.

Finally, some other related reports are noted, although none are comparable water chains. DFT
calculations of small water aggregates mimicking carbonic anhydrase show comparable short hydrogen
bonding distances and low proton transfer barriers.'” Short hydrogen bonds engaged by a transferring
proton were demonstrated in the QM/MM investigation of short distance proton transfer in an Fe,
hydrogenase protein.'™ CTX-M Class A p-lactamase, hydrogen atoms in hydrogen bonds of 2.47A and
2.53A were detected by crystal diffraction, and the barrier for proton slide was calculated (QM/MM) to
be 1.5 kcal mol-1.%?
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The pathway for serial proton supply to the active site of nitrogenase: enhanced
density functional modeling of the Grotthuss mechanism
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Proton translocation along a chain of eight waters to the active site of nitrogenase is described in detail,
using density functional simulations with a 269 atom system that includes surrounding amino acids.
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