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Can the E; state in nitrogenase tell if there
is an activation process prior to catalysis?¥

Per E. M. Siegbahn

Model calculations have been performed for the singly reduced ground state of Mo-nitrogenase, usually
termed E;. Contradictory conclusions have been reached in two recent experimental studies. In a study
based on EPR, it was concluded that there is a bridging hydride in E;, while in an X-ray study it was
concluded that there is no hydride in E;. Therefore, the EPR study implies that there is an oxidation of
the cofactor going from Eq to Ej, the X-ray study implies a reduction. DFT methods have here been
used, which have previously been benchmarked on a set of redox enzymes that led to the conclusion
that the accuracy is about 3 kcal mol™ in all cases, even for redox transitions. The methodology should
therefore be adequate for resolving the question of the hydride presence in E;. As a comparison,
calculations are performed on both Mo- and V-nitrogenase with the same conclusion. The conclusion

rsc.li/pccp

|. Introduction

Nitrogenase is the enzyme in nature that activates nitrogen in
the air and forms ammonia, which can then be used to
incorporate nitrogen in, for example, amino acids. The mecha-
nism for the activation of N, in nitrogenase has turned out to
be very challenging. In the leading suggestion from experi-
ments, the E, ground state of the cofactor (FeMoco) is activated
by four reduction steps to form an E, state with two bridging
hydrides. At that stage the hydrides leave as H, followed by the
activation of N,.'” This suggestion was based on convincing
results using EPR. In a suggestion based on theoretical model
calculations, the final activation of N, in E, is very similar.*™®
However, the way to reach E, is quite different. It has instead
been suggested that catalysis is preceded by four reduction
steps in an activation process. It was also found that a sulfide
leaves the cofactor, which was not suggested by those experi-
ments. A major problem has been that the only X-ray structure
which has been determined is for the ground state.” For the
geometric and electronic structure of the ground state, there is
full consensus between experiments and theory. The redox
state of the cofactor in E, is (3Fe(1u), 4Fe(ur), Mo(i)).

The presence, or not, of an activation process is a major
issue at present. Experimentally, starting with the E, state and
going back to the ground state only one intermediate has been
found. The intermediate was suggested to be an E, state, which
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from the calculations has far reaching consequences for the mechanism of nitrogenase.

should be reached by a loss of H, from E,. The intermediate E,
state should then lose another H, to reach the ground state.'™
That should imply a loss of only four electrons from E, to the
ground state, which leaves no room for an activation process, in
which more electrons should leave E, to reach the ground
state.”® The uncertain part in that reasoning concerns the
question whether all intermediates between E, and the ground
state have been found.

The main argument against the experimental mechanism is
chemical. After the addition of two hydrides and two protons to
the ground state, the redox state of the cofactor should be the
same in the active E, state as for the ground state, (3Fe(u),
4Fe(m), Mo(m)), which is a surprisingly high redox state that
should donate electrons to N,. That is particularly surprising
since a reductant is used with the lowest redox potential found
in nature with —1.4 to —1.6 V. For a donation of electrons to N,
one should expect a very low redox state for the cofactor. Even
the electron donating cluster, the P-cluster, has a much lower
redox state with 7Fe() and a quite similar geometric structure,
but does not activate N,. In line with that reasoning, model
calculations show no activation of N, after only four reductions
of the ground state. With an activation prior to catalysis
consisting of four reduction steps, the cofactor will have a
low redox state in E, with (7Fe(u), Mo(m)). After the release of
the two hydrides in E,, the redox state will be extremely low
with (5Fe(u), 2Fe(1), Mo(u)), expected to be strongly electron
donating. The model calculations give an activation of N, for
that E, state in very good agreement with what was found by the
EPR experiments.

With a known ground state of the cofactor and a mechanism
for N, activation in E,, there are many possibilities for the
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reduction process in between these states, where very little is
known experimentally. Of the intermediates, the E; state,
obtained after only one reduction of the ground state, is the
one where most information has been obtained experimentally.
There are three recent studies of E;. In the first one, using X-ray
absorption and Mossbauer spectroscopy, a redox state with
(4Fe(m), 3Fe(m), Mo(m)) is suggested,® which means a reduction
of one of the irons and a protonation of a sulfide compared to
the ground state. In the second study, EXAFS supported by
model calculations suggest the same redox state.” However, in
the third one the presence of a hydride is found by EPR,
suggesting a redox state with (2Fe(u), 5Fe(m), Mo(m))."® The
latter study was performed for a variant of nitrogenase known
as Fe-nitrogenase, but the conclusion of the study concerned all
nitrogenases, also Mo-nitrogenase.

In the present study, the E, state has been studied by model
calculations of the type used for many redox enzymes before,
including nitrogenase. Very good agreement with available
experiments was demonstrated in those studies, generally with
an accuracy of 3 kcal mol . If the lowest energy is found for an
E, state with a hydride, that would give support for the
experimental mechanism without an activation. If the lowest
state found instead has a protonated sulfide, that would sup-
port the theoretical mechanism with an activation process prior
to catalysis, as described below.

[I. Methods

The methods used here are the same as the ones used before on
Mo-nitrogenase with good agreement with experimental
results.>'" These methods have recently been benchmarked
on a set of redox mechanisms for enzymes.'” The accuracy has
in general been shown to be around 3 kcal mol™" also for the
redox transitions, which is very important for the present study
since hydride and protonated states differ in their oxidation
states. The method is built around the hybrid DFT method
B3LYP."? It has been found that the results are almost only
dependent on a single parameter, the fraction of exact
exchange.'* By varying that parameter an estimate of the error
can be obtained. It was found that the best results were usually
obtained with a fraction of 15%, which is the fraction
used here.

The geometries were optimized using the LACVP* basis set,
which was also used for the calculations of dielectric effects
with a dielectric constant of 4.0. For the optimized geometries a
large cc-pvtz(-F) basis was used for obtaining improved energies
using 15% exact exchange, and at the end dispersion effects
were added."® Differences in zero-point energies were neglected
since systems with the same number of electrons and protons
were compared. The Jaguar program was used."®

The cluster models for Mo-nitrogenase were taken from the
previous studies.®'° For Mo-nitrogenase, besides the ligands of
the cofactor, homocitrate, Cys275 and His442, the second
sphere amino acids His195, Arg96, Arg359, Glu380, Phe381
and GIn191, were included in the model. For V-nitrogenase,
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besides the ligands of the cofactor, homocitrate, Cys257,
His423, and a carbonate, the second sphere amino acids
GIn176, Lys83, His180, Thr335, Arg339, Lys361 and Phe362
were included in the model. There is a total of around
170 atoms for the Mo-nitrogenase model and 190 atoms for
the V-nitrogenase one. The total charge of the model of the
active site is —2 for Mo-nitrogenase and —1 for V-nitrogenase.
Some backbone coordinates, marked with a # in the ESI,{ were
frozen from the X-ray structure, in order to avoid artificial
movements.

I1l. Results

In the present model study, the energies of the E; state of Mo-
and V-nitrogenase are compared with different positions for the
added proton. For V-nitrogenase, the high-resolution X-ray
structure (5NGY) has been used.'” Experimentally, it has gen-
erally been assumed that the E; state is reached by a single
reduction of the ground state. The ground state is well known
for Mo-nitrogenase. It is a quartet state with (3Fe(u), 4Fe(m),
Mo(m)), see above. Recent experiments have shown that the
ground state for the cofactor of V-nitrogenase has the redox
state (3Fe(u), 4Fe(i), V(ur)), which is an S = 0 (or integer spin
non-Kramers) state.'®

To repeat, the EPR study led to a suggested structure with a
bridging hydride for E;,'° while the X-ray study led to a
suggested protonated belt sulfide.” Therefore, the suggested
oxidation states were quite different with (2Fe(u), 5Fe(u),
Mo(ur)) for the EPR study and (4Fe(u), 3Fe(ur), Mo(m)) for the
X-ray study. From previous experience with these techniques for
nitrogenase, there is no reason to suspect errors in the experi-
ments. Instead, another explanation is suggested here.

The present discussion of the calculations will start with Mo-
nitrogenase. A single electron and one proton are added to the
ground state. The question is where the proton ends up. Broken
symmetry DFT is used with some metal ions being assigned an
excess of spin-alpha electrons, while some have an excess of
spin-beta electrons - thereby generating a single Kohn-Sham
determinant that is a reasonable model of the true wavefunc-
tion, Four different spin-couplings have been used based on
previous experience.®*'**° They are (2-, 4-, 7-), (2-, 4-, 6-), (1, 5-,
6-) and (3-, 5-, 6-), where the numbers are from the X-ray
structure and indicate which irons have negative spin. There
are three positive spins on molybdenum. For a more thorough
study, see ref. 20. However, in that study, the conclusion about
the energy for the hydride state was very unclear since two
different functionals were used with results differing by up to
25 keal mol ™. The preference for which DFT functional should
be trusted was not made either. In the present study, the state
obtained after one reduction is a triplet. It is important to note
that the hydride structures discussed below had to be done with
a constraint where the carbide-hydride distance was fixed to
2.0 A. Otherwise, a hydride placed on the cofactor would
immediately move in the geometry optimization to the carbide
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Fig. 1 The best E; state with a hydride for Mo-nitrogenase. Atoms outside
the cofactor are not shown.

and form a C-H bond, which turns out to be much lower in
energy than a hydride structure.

The first set of calculations were done with a protonated belt
sulfide S2B, which has previously been shown to be the most
basic sulfide.*”**' The best spin-coupling found is (2-, 4-, 7-),
and the energy is set to zero for that structure. The second best
structure is (2-, 4-, 6-), which is only +1.5 kcal mol™" higher.
(1-, 5-, 6-) is at +7.7 keal mol ™" and (3-, 5-, 6-) is at +13.4 kcal mol .

The second set of calculations were done with a hydride
initially placed centrally over the Fe2, Fe3, Fe6, Fe7 surface of
the cofactor. The lowest energy was found for (2-, 4-, 7-), with an
energy of +30.4 kcal mol™" higher than the best structure with a
proton on S2B. The hydride converged to a terminal position on
Fe7. The three other spin-couplings gave energies of +35.8,
+39.2 and +45.4 kcal mol™'. Two of them led to bridging
hydride positions.

In the third set of calculations, the hydride was initially
placed centrally over the Fe2, Fe4, Fe5, Fe6 surface. The best
one was now (2-, 4-, 6-) with an energy at +29.8 kcal mol ™" which
converged to a terminal position on Fe6, see Fig. 1. The
energies for the three other spin-couplings were +34.9, +39.1
and +43.9 kcal mol . Only one of them converged to a bridging
position.

The conclusion for Mo-nitrogenase is very clear. It is extre-
mely unfavorable to have a hydride after one reduction from the
ground state. There are apparently not enough electrons to
form a hydride. Previous test calculations on several redox
enzymes have given an accuracy of about 3 kcal mol ™' also
for the redox transitions, while the best hydride structure is
+29.8 kecal mol ™" higher than the best protonated sulfide. The
conclusion based on EPR that there is a hydride after one
reduction cannot be correct.'® It should, furthermore, be men-
tioned that the same model calculations as here gave excellent
agreement with the EPR findings for the N, activation in E,,°
showing that there is no reason to suspect a breakdown of
the methods for nitrogenase. The present calculations give, on
the other hand, results in agreement with the X-ray study,
where the conclusion was that there is a protonation of a
sulfide in E,.°

Since there is no reason to suspect a technical error in the
EPR measurements, the question is how those results could be

3704 | Phys. Chem. Chem. Phys., 2023, 25, 3702-3706

View Article Online

Paper

explained. The explanation suggested here is that the EPR study
was not performed on a state after only one reduction of the
ground state. On the other hand, with an activation with four
reductions prior to catalysis, the E; state does have a bound
hydride.*® In the latter studies the activation steps were termed
A, to A4, where A, is identified as E, in the catalytic cycle. While
the EPR study was performed on the E; state in the catalytic
cycle, the X-ray study was performed on A;.

The EPR study was not performed on Mo-nitrogenase but on
Fe-nitrogenase. Unfortunately, there is not yet an X-ray struc-
ture for Fe-nitrogenase but there is one for V-nitrogenase, see
above. The same type of study as the one described above was
therefore performed on V-nitrogenase. The possibility that the
E, state for Fe-nitrogenase should be very different from
Mo- and V-nitrogenase is very unlikely. A relative energy differ-
ence of 30 kcal mol ™" would be required to make the hydride
state more stable than the non-hydride state. Instead, the three
nitrogenases have been found to use the same general
mechanism.>'

There is a difference of the ground states of Mo- and V-
nitrogenase. While Mo-nitrogenase is a quartet, V-nitrogenase
is a triplet.'” Since no turnover intermediates have been
trapped and characterized for V-nitrogenase'” it is unclear
how many reduction steps there should be to reach the E, state
from E,. Both one and two reductions are possible. In the
present study, the energy of the hydride state compared to the
non-hydride state is investigated. Since the likelihood for a
hydride state should be higher after two reduction steps, such a
state was studied here. If the hydride state is high in energy
after two reductions, it should be even higher after only one
reduction, and a one-electron reduced state was therefore not
studied here.

The first set of calculations for V-nitrogenase were done with a
protonated belt sulfide S2B and a protonated carbonate. Six differ-
ent spin states have been compared, and the best one was (2-, 4-, 5-),
which is here used as a reference zero in the comparisons.

For the first hydride structure, the experience from Mo-
nitrogenase was used and it was placed on top of Fe6. Four
different spin-coupling were tried with the best one (2-, 3-, 5-).
The energy is +27.9 keal mol ™" above the one without a hydride.
The energy for the next best one (2-, 4-, 5-) is +31.7 kcal mol . The
results are in line with the ones for Mo-nitrogenase.

During the course of the present study on V-nitrogenase, a
surprising structure was found with a hydride in between vana-
dium and Fe6. The structure appeared already after four reduc-
tions (in Ay). Therefore, investigations on the same type of
structure were done on the structure after two reductions, studied
here. 4 different spin-couplings were tried. The best one found
was for (2-, 3-, 7-) with an energy of +31.7 kecal mol ™', see Fig. 2.
The energy for (2-, 4-, 5-) is as high as +44.1 kcal mol .

In summary, the best hydride structure found for V-nitrogenase
has an energy of +27.9 kcal mol " higher than the best structure
without a hydride. The result can be compared to the
corresponding best hydride for Mo-nitrogenase which is
+29.8 kcal mol™" higher than the one without a hydride. The
similarity between the different nitrogenases, assumed in the EPR
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Fig. 2 The best E; state with a hydride for V-nitrogenase. Atoms outside
the cofactor are not shown.

study, is confirmed here.'® That study was done on Fe-nitrogenase
but was assumed to apply for all nitrogenases. However, the
present conclusion is exactly the opposite to the one in the EPR
study, which suggested that the structure after two (or one for
Mo-nitrogenase) reductions for all nitrogenases should have a
bound bridging hydride. The results here, for both Mo- and
V-nitrogenase, indicate that the hydride structure is far above the
one without a hydride by nearly 30 keal mol .

IV. Summary

Calculations have been done on the structures obtained after
one reduction for Mo-nitrogenase and after two reductions for
V-nitrogenase. The results are very clear, showing that a hydride
structure is far above in energy, by nearly 30 kcal mol*,
compared to one without a hydride. The results are in line
with a recent X-ray study,’ but in strong disagreement with a
recent EPR study.'® The accuracy of the present calculations
has been benchmarked on a set of redox enzymes indicating an
accuracy of about 3 kcal mol ™", also for the redox transitions,
for all of them.'? Also, the results for the N, activation in E, is in
perfect agreement with observations by EPR.® With four A-state
activation steps prior to catalysis, previous model calculations
have shown that the E, state has indeed a bound hydride.*"°
The conclusion is that the EPR study was performed for a state
after an activation prior to catalysis with four reductions, which
is not the same state as the one obtained after one (or two)
reductions of the ground state, see also ref. 11.
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