LUND UNIVERSITY

QM/MM Studies of Nitrogenase

Jiang, Hao

2024

Link to publication

Citation for published version (APA):
Jiang, H. (2024). QM/MM Studies of Nitrogenase. Lund University (Media-Tryck).

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/e1971d63-8682-49ef-af62-2f248e1c64e9

QM/MM Studies of Nitrogenase

HAO JIANG | COMPUTATIONAL CHEMISTRY | LUND UNIVERSITY

N




QM/MM Studies of Nitrogenase






QM/MM Studies of Nitrogenase

by Hao Jiang

LUND

UNIVERSITY

Thesis for the degree of Doctor of Philosophy
Thesis advisors: Prof. Ulf Ryde
Faculty opponent: Prof. Simone Raugei, Pacific Northwest National Laboratory

To be presented, with the permission of the Division of Computational Chemistry of Lund
University, for public defense in lecture hall A, Center for Chemistry and Chemical
Engineering, Lund, on Friday, the 27th of September 2024 at 09:00.



Organization: LUND UNIVERSITY

Document name: DOCTORAL DISSERTATION
Date of issue: 2024-09-03

Author(s): Hao Jiang

Sponsoring organization:

Title and subtitle: QM/MM Studies of Nitrogenase
Abstract:

Nitrogenase is the only enzyme that can cleave the strong triple bond in N2, making nitrogen available
for biological life. Despite extensive research, the mechanism of nitrogen fixation by nitrogenase is not
fully understood, partly due to the enzyme’s complex structure, which includes the largest iron—sulfur
cluster known in metalloenzymes, the FeMo cluster. Understanding this process requires the integration
of various scientific disciplines, such as inorganic chemistry, biochemistry, crystallography, spectroscopy,
and computational chemistry. This thesis employs combined quantum-mechanics and molecular-
mechanics (QM/MM) computational methods to investigate the structure and function of nitrogenase,
focusing on its reaction mechanisms, intermediates, and electronic states.

The thesis comprises eight papers that explore different parts of the nitrogenase catalytic cycle. Papers
I and Il focus on the early part (Eo—E4), revealing variability in the predictions of different DFT functionals
regarding Hz formation and N2 binding. Papers lll and IV examine the latter part (E4+—Es), emphasizing
the role of the S2B ligand and proton-transfer mechanisms, which suggest that S2B should remain bound
to ensure lower energy barriers for proton transfers. Papers V and VI investigate the possibility of S2B
ligand dissociation, and the results indicate that the stability of various structures is highly dependent on
the DFT method used. Paper VII presents redox-potential calculations that provide insights into the redox
properties of nitrogenase. Paper VIl analyzes the first Fe-nitrogenase structure, focusing on protonation
states and the electronic structure in the Eo and E; states.

These studies highlight the complexities of nitrogenase catalysis and underscore the limitations of current
experimental techniques in capturing reaction intermediates. Computational methods have proven
invaluable for studying these intermediates, offering insights that are difficult to obtain experimentally.
While challenges remain, particularly in determining the exact structure of the Es intermediate, this
research advances our understanding of nitrogenase.

Key words: Nitrogenase, QM/MM, DFT, nitrogen fixation, reaction mechanism, Hz formation, N2 binding,
proton transfer, E2 intermediate, redox potential, broken-symmetry state.

Classification system and/or index terms (if any)Supplementary bibliographical information

Language ISSN and key title:

ISBN:

978-91-8096-058-8 (print)

978-91-8096-059-5 (pdf)

Recipient’s notes

Number of pages:

Price Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation,
hereby grant to all reference sources permission to publish and disseminate the abstract of the above-
mentioned dissertation.

Signature Date 2024-08-12



QM/MM Studies of Nitrogenase

Hao Jiang

N
A

UNIVERSITY



Cover illustration front: Front layer created by the author using Blender and the background
generated by QiyuAi.

Cover illustration back: Created by the author using PowerPoint.
© Hao Jiang 2024
Division of Computational Chemistry, Department of Chemistry

ISBN: 978-91-8096-058-8 (print)
ISBN: 978-91-8096-059-5 (pdf)

Printed in Sweden by Media-Tryck, Lund University, Lund 2024
0(,"“”‘ oo, Media-Tryck is a Nordic Swan Ecolabel
$ (‘F‘l certified provider of printed material.
/// Read more about our environmental

K7/ 4 work at www.mediatryck.lu.se
muwes- MADE IN SWEDEN ==



“ARLEXZN], FGHZ L, GRRE”

SETF

“Life in the universe is like a white pony passing through a crevice—
it passes in the blink of an eye.”

ZhuangZi






Contents

List Of PUDIICAtIONS ..c..eeueeiiiiiiiieiei ettt il
Publications not included in this thesis........c.ccecceerierieriecierieeee e, iv
ACKNOWIEAGEMENLS......ccuieiieiieiiesiierieerieeeee ettt e neees \%
ADDTEVIATIONS ...ttt ettt ettt be b vi
Popular science in English..........ccocoevieiiiiiiieiiiiiicecc e viii
FFZEIH L oot X

1 Introduction 1
2 Methods 3
2.1 Quantum MEChANICS.......ccueeevieiiieeiiieciee ettt ettt et e eare e 4

2.1.1  Hartree—Fock TReory ........ccccevvieviinienieieniereeeeteieeie e 6

2.1.2 BaSIS S@L.uuiiiiiiiiieriieiieiieitee ettt ettt eneens 8

2.1.3  Density Functional Theory.........cccccoceniririiininininnencneneens 9

2.2 Classical MeChaniCs .........cceveeriieriieniieiieieeieeie et 10

2.2.1  Force Field Methods.........cccoevvrviiiiieciieieeieciceee e 10

2.2.2  Molecular DYNamicCs ........ccceeereenienieneeienenenieeieieseceeeeneene 11

2.3 QM/MM oottt e 13

2.4 Transition State TheoTy ......cccocevviererinieiineneeeeeeeeeee e 16

3 Nitrogenase 17
3.1 AtOMIC STIUCTUIE ..oeiviieiiiecieeciecete ettt et ettt e 19

3,11 MO-NItrOZENASE...c.eeviveriieienieniieieie sttt ettt eeees 19

3.1.2  Fe-NItrOZENASE ...cccvervirueruieieriiniieieiesteeitetesie et 22

3.2 MECHANISIN ..ccouviiiiiieiie ettt ettt ettt ettt e eaee e sreeereaas 24

32,1 EoEaStates..cciooieeieiiieieeee e 25

322 Ea(No2H2)ES oottt 27

3.3 Electronic Configurations ...........cccceceeveeverineeiienienenenienieneneeceeens 29

3.3.1  FeMO CIUSLET ....cccviieiieeiie ettt e 29

3.3.2  FEFe CIUSLEr ..uveieiiiciiiceeee et 32

3.4 Critical COMPONENLS.......cceruerrieieriintinitetenienie ettt sie e 35

341 HISTO5 o 35

342  HOMOCIIIALE ......oeeviieiiieiie ettt e e 36



343 S2B e 37

4 Summary of papers 39
Paper [: H, Formation in States Eo—E4 ......cccoooiiiiiiiiiie, 40
Paper II: N; Binding to the Eg—E4 States.........cccceeeviniinenininiecceee, 42
Paper III: Second Part of the Reaction Mechanism with S2B Bound ......... 45
Paper IV: Proton Transfer in the Es—Eg States........cccccoeevininiinincnenenne. 47
Paper V: E; States with S2B Half-Dissociated.........c.cccceeverernenenencennenne. 50
Paper VI: Second Part of the Reaction Mechanism with S2B Half-
DISSOCIALE......c.ouiiiiiiicicie e 53
Paper VII: Eq—Eg Redox Potentials ........c.ccoceveevenininieniniiieieeneeceee, 55
Paper VIII: The Eo and E; States of Fe-Nitrogenase...........ccccccceverereennenne. 57

5 Conclusions and Outlook 59

References 61

Scientific Publications 71
Author CONtrIbULIONS ......c..cviiiiiiiiiiiiciccc e 71

Paper I:  H» formation from the E;—Ej4 states of nitrogenase............. 71
Paper II: N, binding to the Eq—Es states of nitrogenase ................... 71
Paper III:  Thermodynamically Favourable States in the Reaction of
Nitrogenase without Dissociation of any Sulfide Ligand ................... 71
Paper [V: Proton Transfer Pathways in Nitrogenase with and without
Dissociated S2B .......ccoocoiiiiiiiiiii e 71
Paper V:  QM/MM Study of Partial Dissociation of S2B for the E
Intermediate of NitroZenase ..........ccoevvereeierenenieiereneeteeseeceeee 71
Paper VI:  Putative reaction mechanism of nitrogenase with a half-
dissociated S2B ligand .........cccoceveeiieiininiiiie e 71
Paper VII: Quantum Mechanical Calculations of Redox Potentials of
the Metal Clusters in NitrOZenase .........ccccverereerieneneneenieneneeeeneenne 72
Paper VIII: Protonation of Homocitrate and the E; State of Fe-
Nitrogenase Studied by QM/MM Calculations.........cccceceeceerereeeennens 72

i



List of Publications

L

II.

II1.

IV.

VL

VIL

H, formation from the E>—E4 states of nitrogenase

H. Jiang and U. Ryde

Physical Chemistry Chemical Physics, 2024, 26, 1364—1375.
N binding to the Eo—Ej4 states of nitrogenase

H. Jiang and U. Ryde

Dalton Transactions, 2023, 52, 9104-9120.

Thermodynamically Favourable States in the Reaction of Nitrogenase without
Dissociation of any Sulfide Ligand

H. Jiang and U. Ryde

Chemistry — A European Journal, 2022, 28, €202103933.

Proton Transfer Pathways in Nitrogenase with and without Dissociated S2B
H. Jiang, O. K. G. Svensson, L. Cao and U. Ryde

Angewandte Chemie International Edition, 2022, 61, €202208544.

QM/MM Study of Partial Dissociation of S2B for the E, Intermediate of
Nitrogenase

H. Jiang, O. K. G. Svensson and U. Ryde

Inorganic Chemistry, 2022, 61, 18067-18076.

Putative reaction mechanism of nitrogenase with a half-dissociated S2B ligand
H. Jiang and U. Ryde

Dalton Transactions, 2024, 53, 11500-11513.

Quantum Mechanical Calculations of Redox Potentials of the Metal Clusters
in Nitrogenase

H. Jiang, O. K. G. Svensson and U. Ryde
Molecules, 2022, 28, 65.

VIII.Protonation of Homocitrate and the E; State of Fe-Nitrogenase Studied by

QM/MM Calculations
H. Jiang, K. J. M. Lundgren and U. Ryde
Inorganic Chemistry, 2023, 62, 19433-19445.

il



Publications not included in this thesis

I.  Assessment of DFT functionals for a minimal nitrogenase [Fe(SH)sH]™ model
employing state-of-the-art ab initio methods

P. Vysotskiy, M. Torbjornsson, H. Jiang, E. D. Larsson, L. Cao, U. Ryde, H.
Zhai, S. Lee and G. K.-L. Chan

Journal of Chemical Physics, 2023, 159, 044106.

II. Reaction Mechanism for CO Reduction by Mo-Nitrogenase Studied by
QM/MM
H. Jiang and U. Ryde
Inorganic Chemistry, in press, DOI: 10.1021/acs.inorgchem.4c02323.

II. Understanding the CO, Reduction Mechanism of Fe-Nitrogenase: A QM/MM
Study
H. Jiang and U. Ryde

Manuscript.

v



Acknowledgements

As I finally submit my thesis, I can't believe how quickly these four years have
passed—it feels like just yesterday that it all began. First and foremost, I want to
express my deepest thanks to my supervisor, UIf. I will never forget that rainy night
four years ago when you picked me up from Lund C and brought me to Systervigen.
Without your support, I wouldn't have been able to complete this dissertation. Thank
you so much for your guidance over these four years. I am especially thankful for
the freedom you gave me to study the projects I was interested in and for all the help
you provided. These four years have been the most important period of growth for
me.

I would also like to thank all my colleagues in the Division of Computational
Chemistry, especially the group members, both past and present. Special thanks to
Lili for her previous study on nitrogenase, which made it easier for me to continue
the research. I am very grateful to my current office mate, Kristoffer, and my
previous office mate, Sara. I had a great time at the conference with Vilhelm at
AstraZeneca in Gothenburg. Thank you to Oskar for working together on
nitrogenase calculations. I appreciate the teamwork on the CAS-N2ase project with
Ernst, Magne, and Victor. Many thanks to Meiting for teaching me about free
energy calculations, especially thermodynamic integration. Marecos, your
enthusiasm and humor were much appreciated, and I enjoyed our discussions on
QM/MM calculations using ORCA with you and Xiaoli. Simon, your introduction
to Solar Fuel Simulations at the Winter meeting 2024 in Compute was very
insightful. Sincere thanks to Mikael and Valera for the technical support, and to
Maria Lovgren and Maria Sédergren for the help with daily tasks. I am also very
grateful to Justin, Joel, Mickael, Iria, Kosala, Gayathri, Parisa, and Gaia for
sharing articles from various fields in our Journal Club. Isabel, David, Alex and all
other members of Computational Chemistry, thank you for sharing the enjoyable
coffee and Friday cakes.

Finally, I want to thank my mom and my younger sister. Despite the thousands of
miles and six-hour time difference between us, our hearts have always remained
close.

Thank you.



Abbreviations

ADP
AMBER
AO

ATP

BS
CHARMM
Cryo-EM
DFT
ENDOR
EPR
ESEEM
FF

GAFF
GGA

GTO

HCA
HERFD-XAS

HF
LCAO
LDA

LT

MD

MM
MO
PDB
QM
QM/MM

Adenosine Diphosphate

Assisted Model Building with Energy Refinement
Atomic Orbital

Adenosine Triphosphate

Broken Symmetry

Chemistry at Harvard Macromolecular Mechanics
Cryogenic Electron Microscopy

Density Functional Theory

Electron Nuclear Double Resonance

Electron Paramagnetic Resonance

Electron Spin Echo Envelope Modulation

Force Field

General Amber Force Field

Generalized Gradient Approximation
Gaussian-Type Orbital

Homocitrate

High-Energy Resolution Fluorescence-Detected X-Ray

Absorption Spectroscopy
Hartree—Fock

Linear Combination of Atomic Orbital
Local Density Approximation
Lowe—Thorneley

Molecular Dynamics

Molecular Mechanics

Molecular Orbital

Protein Data Bank

Quantum Mechanics

Quantum Mechanics/Molecular Mechanics

vi



re/oa
SAM
SCF
SD
STO
TST
UFF
WT
XES

Reductive Elimination/Oxidative Addition
S-Adenosylmethionine

Self-Consistent Field

Slater Determinant

Slater-Type Orbital

Transition State Theory

Universal Force Field

Wild Type

X-Ray Emission Spectroscopy

vil



Popular science in English

Nitrogenase: Cleaving the Nitrogen—Nitrogen Triple Bond

Nitrogenase is an enzyme that transforms atmospheric nitrogen into ammonia, a
critical process known as nitrogen fixation, which is vital for sustaining life on Earth.
Nitrogenase is the only known biological catalyst capable of breaking the strong
nitrogen—nitrogen triple bond. Nitrogen is a fundamental element of life, essential
for proteins, nucleic acids, and other biomolecules. It plays a crucial role in plant
growth, biomolecule synthesis, and metabolism. Despite nitrogen's abundance in
the atmosphere (nearly 80%), only a few prokaryotes—such as certain bacteria and
cyanobacteria—can convert atmospheric nitrogen into a usable form through
nitrogen fixation.!"!

The Process of Nitrogen Fixation: Nitrogen fixation converts nitrogen gas (N»)
into ammonia (NH3), a form that plants can utilize. There are three primary
pathways for nitrogen fixation on Earth:

® Biological Nitrogen Fixation: Carried out by microorganisms using
nitrogenases.

® Industrial Nitrogen Fixation: Achieved through the Haber—Bosch process,
which uses high temperature, high pressure, and chemical catalysis.

® High-Energy Nitrogen Fixation: Occurs naturally through lightning and
other high-energy atmospheric discharges, combining nitrogen and water to
form ammonia and nitric acid, which rain brings to the ground.

Among these, biological nitrogen fixation is vital for the nitrogen cycle, making
inert N accessible to living organisms. Scientists are particularly interested in this
process to develop sustainable methods for ammonia production, as the current
industrial method, the Haber—Bosch process, is energy-intensive and
environmentally harmful.

Types of Nitrogenases: There are three known types of nitrogenases, each with
distinct clusters: Mo-nitrogenase, V-nitrogenase and Fe-nitrogenase.!"”!

The Mechanism of Nitrogen Fixation: The mechanism of nitrogen fixation by
nitrogenases is complex and not yet fully understood. It involves multiple electron
and proton transfers, ultimately leading to the cleavage of the N> bond and the
formation of ammonia. Current research focuses on identifying and characterizing
the reaction intermediates to better understand this intricate process.!"*!

Evolution and Importance: The evolution of nitrogenases has been pivotal in
shaping life on Earth. The ability to fix nitrogen allowed early microorganisms to
thrive in nitrogen-poor environments. The emergence of molybdenum nitrogenase

viii



is particularly linked to the transition from anaerobic to aerobic metabolism,
marking a significant evolutionary advancement.

Computational studies: Computational methods, such as density functional theory,
have been crucial in understanding the electronic structure and properties of
nitrogenase clusters. These approaches complement experimental findings and
provide valuable insights into nitrogenase mechanisms, despite challenges in
accuracy and model system limitations.!'*1%!

Nitrogenases are remarkable enzymes essential for the global nitrogen cycle. Their
ability to convert atmospheric nitrogen into a usable form for other organisms is
vital for life. As research continues, we can expect deeper insights into their
mechanisms, evolution, and potential applications, paving the way for a more
sustainable future.

X
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1 Introduction

itrogenase is the only enzyme that can cleave the N> triple bond in nature,

making nitrogen available for biological lifeforms. This is because nitrogen

gas (N2) is a very stable molecule, and it requires much energy to cleave the
strong triple bond between the two nitrogen atoms. Nitrogenase is a large and
complex protein. Crystallographic studies have revealed that the most active type of
nitrogenase consists of two proteins. The MoFe protein contains the catalytic [Mo-
7Fe-9S-C]-homocitrate (FeMo) cluster and the electron-transfer [8Fe-7S]-6Cys (P)
cluster, whereas the Fe protein contains a [4Fe-4S] cluster. The mechanism of
nitrogen fixation is not fully understood.!"*!!

The mechanism of N, reduction by nitrogenase is a complex process, the
understanding of which requires the integration of diverse scientific disciplines,
including inorganic chemistry, biochemistry, crystallography, spectroscopy, and
computational chemistry.!'*'®! Each approach has its own strengths and limitations.
One of the most crucial aspects of comprehending nitrogenase function is the
determination of its three-dimensional structure. X-ray crystallography remains a
primary method for determining the three-dimensional structure of enzymes,
allowing the analysis of scattered X-ray patterns from crystalline samples.!'”!
However, this technique has limitations in visualizing hydrogen atoms and directly
measuring reaction dynamics.

One of the reasons why the mechanism of nitrogenase is so difficult to understand
is that it contains the largest iron—sulfur cluster known in metalloenzymes, the FeMo
cluster. This unique structure means that the active site of catalysis has flexible and
variable electronic states of transition metals. Given the rapid nature of biological
enzyme reactions, it is often challenging to capture reaction intermediates using
existing experimental techniques. Therefore, computational methods provide
powerful tools for investigating the reaction mechanisms of enzymes. Based on
atomic structures, computational methods can be employed to predict possible
structures, including those of different protonation states of residues, intermediates,
and transition states of the reaction that are not accessible through current
experimental techniques. By comparing the relative energy, the most stable species
in each step can be identified. Moreover, quantum mechanical methods can describe
the intricate electronic structure of transition metal systems.'*"!



Combined quantum-mechanics and molecular-mechanics (QM/MM) approaches
perform well in modelling reactions in biomolecular systems.'*2*33 While
quantum-mechanical (QM) methods are essential for describing chemical reactions,
they are limited to relatively small systems. The size and complexity of
biomolecules require molecular-mechanics (MM) methods, which can handle large
systems and long time-scales. QM/MM methods combine the strengths of the two
approaches, using QM to handle chemically active regions and MM to handle the
surrounding protein and solvent.

In this thesis, we used models from accurate crystal structures and performed
systematic studies of nitrogenase using the QM/MM approach. We have studied N
binding in Paper II ** and H, formation in Paper L"*! as well as the partial
dissociation of the S2B ligand in Papers V and VI.?**”! Furthermore, we calculated
the redox potentials in Paper VII®® and proposed putative reaction mechanisms of
the cluster with the S2B ligand still bound in Paper III, along with a study of the
proton-transfer process for both with and without S2B ligand in Paper IV."*** The
electronic structure and protonation states of the FeFe cluster within Fe-nitrogenase
were examined in Paper VIII"*!!, based on recent crystallographic data.



2 Methods

‘ l ’ ith the development of computational methods and advancements in
computer hardware, computational chemistry has been widely applied in
multiple disciplines and has played an increasingly important role in
chemical research. It has solved problems that cannot be studied by experimental
methods, especially the study of enzyme reaction mechanisms. Due to the fast
reaction rate of enzyme-catalyzed reactions, it is difficult to capture reaction
intermediates experimentally. Theoretical calculations, especially multiscale
simulations of enzyme systems using QM/MM methods, have become an important
method for studying enzyme reaction mechanisms. This chapter will briefly
introduce the theory and methods used in this thesis.



2.1 Quantum Mechanics

Quantum chemistry is the application of quantum mechanical principles to solve
chemical problems. The improvement of computer performance and the
development of new methods for molecular calculations have made quantum
chemistry a practical tool in all fields of chemistry. The main objects of study of
quantum chemistry methods are isolated systems containing a few to hundreds of
atoms, such as molecules and clusters. The core problem of quantum chemistry is
to solve the Schrédinger equation of the system.

HY = E¥ 2.1)

Here, H is the Hamiltonian operator representing the total energy of the system, E
is the energy eigenvalue, and ¥ is the wavefunction, an eigenfunction of the
Hamiltonian. The wavefunction W itself does not have direct physical meaning, but
its square, |\V|*, represents the probability density of finding a particle at a particular
position.

The Hamiltonian operator for a molecular system consists of five terms that are
sums of potential (V) and kinetic (T) energy operators:

H=V+T=V,+Vy +V,, + T, + T, (2.2)

The potential energy terms are given by

_ e? N N 1
Vee - 4me, i=1 ]>l |1"i—l"j| (2‘3)
ZpZ
V 4-71’8 ZA 1 ZB>A IR A_:Bl (24)
eZ
Ven - _4n£0 ZA 1 |r —RA| (2-5)

Here, V,, represents the repulsive potential energies between electrons, V,,
represents the repulsive potential energies between nuclei, and V,,, represents the
attractive potential energy between electrons and nuclei. e is the proton charge, &,
is the permittivity of vacuum, N is the number of electrons and n is the number of
nuclei, r; and Ry are the coordinates of electrons and nuclei, respectively, and Z,
and Zp are the atomic numbers of nuclei A and B. The kinetic energy terms are



h
Te = =5 Xia Vi (2.6)

h
Tp = =5 Za=1 Va 2.7)

T, and T,, are the kinetic energy operators for electrons and nuclei, respectively, A
is Planck’s constant, m, is the electron mass, V7 and V3 are the Laplacian operator
for electron and nuclei, respectively.

For systems involving more than two particles, solving the Schrodinger equation
analytically is generally impossible, necessitating approximations. One
fundamental approximation is the Born—Oppenheimer approximation, which
separates the motions of electrons and nuclei based on their mass difference.
Electrons, being much lighter than nuclei, move much faster. This allows us to treat
the nuclei as stationary from the perspective of the electrons. Under this
approximation, the Hamiltonian simplifies to the electronic Hamiltonian:

He =V +Vy, + Ve, + T, (2.8)

Here, the nuclear kinetic energy operator T, is omitted and the V,,;, term becomes a
constant because the nuclei are fixed. The electronic Hamiltonian depends only on
the positions of the nuclei and the resulting electronic wavefunction depends
parametrically on these nuclear coordinates. This approximation significantly
simplifies solving the Schrédinger equation for complex molecular systems, making
QM methods more feasible for practical applications in computational
chemistry.[**%]



2.1.1 Hartree—Fock Theory

The Hartree—Fock (HF) method is a fundamental method to approximating solutions
for the Schrodinger equation in many-electron systems. It transforms the complex
multi-electron problem into single-electron problems by using single-electron
wavefunctions and employs the self-consistent field (SCF) method to achieve a
stable wavefunction and energy. The HF method simplifies the Schrédinger
equation through several key approximations, the primary one being the orbital
approximation. This approximation suggests that the total wavefunction of a system
can be expressed as a product of one-electron wavefunctions or orbitals:

W(ry, e, my) = Yr(r)Y2(r2) - Yu(ry) (2.9)

Each electron has a spin quantum number of 1/2 and in the presence of a magnetic
field, there are two possible states, corresponding to alignment along or opposite to
the field. The HF method employs the concept of a Slater determinant to ensure the
wavefunctions are antisymmetric under the exchange of any two electrons. The
Slater determinant inherently satisfies the requirement that no two electrons can
occupy the same quantum state simultaneously, a fundamental property of fermions
like electrons (the Pauli principle). For the general case of M electrons and M spin-
orbitals, the Slater determinant is given by

Y1)  Po(r) o Pu(ry)
=1 Eblgrz) lngrz) l/JM:(l'z) (2.10)

M!
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To further refine the approximation, the one-electron molecular orbitals (MOs) are
expressed as linear combinations of atomic orbitals (AOs), a technique known as
the Linear Combination of Atomic Orbitals (LCAQO) approximation. This approach
allows for the description of molecular orbitals in terms of simpler, well-understood
atomic functions.

The HF method is based on the variational principle, which asserts that the optimal
approximation to the ground-state energy of a system can be achieved by
minimizing the total energy with respect to the parameters of the selected
wavefunction. This results in the derivation of the Fock equations that are iteratively
solved to identify the optimal molecular orbitals (MOs) and their corresponding
energies.

Despite its considerable strengths, the HF method is not without limitations. The
method approximates the electron—electron repulsion by considering that each
electron moves in an average field created by all other electrons, thus neglecting
electron correlation, the instantaneous interactions between electrons. As a result,



while the HF method provides a good initial approximation, more advanced post-
HF methods are often used to account for these correlation effects for more accurate
results. Although the HF method accurately represents the exchange interaction
between electrons of the same spin, it does not fully consider the Coulomb
interactions. Consequently, while the HF method provides qualitative insights, its
quantitative accuracy is limited.!*>**!



2.1.2 Basis Set

A basis set in quantum chemistry is a collection of mathematical functions used to
represent the atomic orbitals. The wavefunction is expressed as linear combinations
of these basis functions. The choice and quality of the basis set significantly
influence the accuracy and efficiency of quantum chemical calculations. There are
two types of basis functions: Gaussian-Type Orbitals (GTOs) and Slater-Type
Orbitals (STOs). The GTOs are given by

Xenim (T, 0,0) = NY (6, p)r?n=2"le=¢"" 2.11)

and the STOs are given by

Xenim (1,6, 9) = NY; (6, q))rn—le—ér (2.12)

Here, n, [, m are quantum numbers. 7, 6, and ¢ are spherical coordinates, where r is
the distance between the electron and the nucleus. N is a normalization constant, Y,
is a spherical harmonic function, { is a constant. GTOs are favored in many
quantum-chemical calculations due to their computational efficiency, particularly
in the evaluation of integrals. STOs more closely resemble the actual shape of
atomic orbitals but are less commonly used due to their more complex integral
evaluations.***!

Minimal Basis Sets: These basis sets use one basis set for each atomic orbital. An
example is the STO-3G!™! basis set. Minimal basis sets are typically used for
preliminary studies and teaching purposes.

Split-Valence Basis Sets: These basis sets use two basis functions for the valence
electrons (but still one for the core orbitals), allowing for more flexibility and
accuracy. Examples include 3-21G"® and 6-31G."*"! Double-zeta and triple-zeta
basis sets use two and three basis functions for all electrons, respectively.

Polarization functions (i.e. basis functions with the / quantum number one step
higher than the electron it should describe) are added to the basis sets to get more
accurate molecular geometries and electronic distributions (e.g., 6-31G(d) or 6-
31G(d,p)1*"**)). Diffuse functions (i.e. with smaller values of { than normal) are used
to describe the anions, e.g., 6-3 1++G,*"*! where the '+ symbols denote the
inclusion of diffuse functions for heavy atoms and hydrogen atoms, respectively.

In this thesis, we use the Karlsruhe basis sets”®”. For geometry optimization, we
utilize the def2-SV(P)P” basis set, which is a split-valence basis set with
polarization functions on heavy atoms (excluding hydrogen). For single-point
calculations to achieve more accurate energy values, we sometimes use the larger
def2-TZVPDP** ! basis set, which is a valence triple-zeta basis set with polarization
and diffuse functions.



2.1.3 Density Functional Theory

Density Functional Theory (DFT) is a QM method used to study the electronic
structure of many-body systems, which is based on Hohenberg—Kohn theorems,
rather than the Schrodinger equation: 424

First Theorem: The ground state energy £ is a unique functional of the electron
density p.

E = E[p] (2.13)

Second Theorem: The electron density that minimizes the energy of the overall
functional is the true ground-state electron density.

E[p] > Eq[po] (2.14)

These theorems indicate that the ground-state electron density p unambiguously
describes the system.’?) In 1965, Kohn and Sham introduced a practical way to
implementing DFT."* They proposed a set of self-consistent field (SCF) equations,
known as the Kohn—Sham equations, which describe the behavior of non-interacting
electrons in a fictitious system that has the same electron density as the real
interacting system. The total energy functional is decomposed into several parts:

E[p] = Ts[p] + Enclp] + J[p] + Exclp] (2.15)

where Ts[p] is the kinetic energy of the non-interacting electrons, E.[p] is the
attractive potential between nuclei and elections, J[p] is the Coulomb repulsion
between electrons and E,.[p] is the exchange—correlation energy, which includes
all many-body effects beyond the Hartree approximation.

The exchange—correlation energy is the most difficult term to calculate accurately
and needs to be approximated. Various levels of approximations have been
developed for Ey[p], including local density approximation (LDA),”* generalized
gradient approximation (GGA),”" meta-GGA and hybrid functionals.”*”)

In 1998, Kohn was awarded the Nobel Prize in Chemistry (shared with Pople) for
his contributions to DFT.® Due to its relatively high computational accuracy and
efficiency, DFT has developed rapidly. However, it still faces challenges, such as
poor description of weak interactions. Most traditional functionals, like B3LYP,
completely fail to describe dispersion interactions. However, the DFT-DP" series
of empirical dispersion corrections proposed by Grimme have addressed this issue.

In this thesis, we have used TPSS,* r’SCAN,P**! TPSSh,/* B3LYPI*" ¢
functionals. The former two are meta-GGA functionals, while the other two are
hybrid functionals with 10 and 20% Hartree—Fock exchange, respectively. For all
methods, we have employed the DFT-D4 dispersion correction.”!



2.2 Classical Mechanics

Molecular mechanics (MM) methods are computational techniques that employ
classical Newtonian mechanics to simulate molecular systems. MM methods use
molecular force fields to calculate the system energy, optimize the geometric
structure, perform vibrational analysis, and conduct dynamic simulations. A
molecular force field is a collection of empirical functions that describe the energy
as a function of the coordinates.[*>%*!

2.2.1 Force Field Methods

The general form of a molecular force field is:

Etotal = Ecovalent + Enoncovalent (2-16)

The total energy of the system includes covalent and non-covalent interactions.
Covalent interactions consist of bond stretching energy, bond angle bending energy,
and dihedral angle torsion energy:

Ecovalent = Ebonds + Eangles + Edihedrals (2-17)

Non-covalent interactions involve van der Waals forces and electrostatics:

Enoncovatent = Evaw + Eer (2.18)

MM methods play a crucial role in enzyme simulations, despite they cannot simulate
chemical reactions. MM methods can simulate protein dynamics over extended
timescales (e.g., nanoseconds to microseconds).

The MM method treats each atom as a point mass, ignoring the electrons.
Consequently, MM methods cannot provide information on electron structures, nor
can they describe chemical reactions involving bond formation or breaking. Unlike
quantum chemistry methods, MM methods cannot identify reaction intermediates
and transition state structures.

Employing a molecular force field requires prior knowledge of parameters for
specific atom types within a given bond. These empirical parameters include atomic
mass, van der Waals radius and energies, partial atomic charges, and bond lengths,
bond angles, and force constants. These parameters may be obtained from
experimental and theoretical (typically QM) studies of small organic molecules. As
a result, different force field parameters are only applicable to their corresponding
systems. The accuracy of MM methods is lower than that of quantum mechanical
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methods, but they offer significantly faster computational speeds due to the absence
of electron integral calculations.

MM methods are widely used to study large molecular systems such as proteins and
nucleic acids. Currently, some of the most well-established and widely used force
fields include AMBER!® (proteins, nucleic acids), CHARMM!® (small molecules,
lipids, nucleic acids, proteins), GAFF'®”! (small molecules), and UFF'®® (universal
force field).

2.2.2 Molecular Dynamics

Molecular Dynamics (MD) simulations have become an essential tool in biological
research, providing insights into the complex dynamics and thermodynamics of
biomolecular systems at the atomic level. MD simulations allow to model the
behavior of molecules as collections of interacting classical particles governed by
Newtonian mechanics. This computational technique has enhanced our
understanding of various biochemical processes, from protein folding to drug
binding. These simulations provide dynamic trajectories that reveal the complex
motions and interactions of atoms and molecules over time.**%*

The core of MD simulations is based on Newton's second law of motion, which
states that the force acting on an atom equals the mass of the atom multiplied by its
acceleration:

av; dzxi
Fo=mag =megs =mige

(2.19)
Where F; is the force on atom 7, m; is the mass, and a; is the acceleration of atom i,
x; is the position of the atom. The acceleration can be obtained from the force, which
in turn is derived from the potential energy function U of the system:

au(x)
dx;

F= (2.20)

The potential energy can be computed using different approaches: classical MD
through a force field, ab initio MD by solving the Schrédinger equation, or QM/MM

MD by combining both methods. The position of a particle at time t + At, starting
from an initial guess, can be expressed using a Taylor expansion:

x(t + At) = x(t) + v()AL + L At?+. (2.21)
with
x(t + At) ~ x(t) + v(t)AL + 2 a(t)At? (2.22)
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then with Eq.2.19, we get
v(t + At) = v(t) + a(t)At (2.23)

The MD algorithm starts with initial guesses of x(0) and v(0). Subsequently, " and
a are calculated, allowing the atoms to be moved to x(t + At) and the velocities
updated to v(t + At). This procedure is repeated many time steps to simulate the
dynamic behavior of the system.

With the growth of computational power, the scope and accuracy of MD simulations
are expected to increase. New algorithms and machine-learning techniques are
integrated to handle larger systems and longer timescales, providing deeper insights
into biomolecular dynamics.'? The combination of MD simulations with
experimental techniques will further accelerate discoveries, making MD an essential
tool in biological research. By providing detailed atomic-level insights into the
dynamics of biological systems, MD simulations have transformed our
understanding of molecular interactions and are instrumental in the design of new
therapeutics.!””!
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2.3 QM/MM

The hybrid QM/MM (quantum mechanics combined with molecular mechanics)
method is a widely used tool for studying reactions in large biomolecules,
combining the strengths of QM (accuracy) and MM (speed). This method enables
the study of chemical processes in solutions and proteins by applying QM to a small,
critical part of the system—where chemical bonds break or electronic structures
change—while using MM for the larger, surrounding environment. The main
advantage of QM/MM is its computational efficiency, which makes it possible to
perform large-scale molecular simulations with minimal accuracy loss. This concept
was initially proposed by Warshel and Levitt in 1976,’" and they, along with
Karplus, received the Nobel Prize in Chemistry in 2013 for their development of
multiscale models for complex chemical systems.””

The core of QM/MM involves partitioning the system into three regions: the QM
region, the MM region, and the boundary region. The QM region, usually the
reaction site or a specific ligand, is treated by QM methods for accurate bond
breaking and electronic structure changes. The MM region, encompassing the
surrounding solvent or non-reactive parts of the biomolecule, is treated with MM
methods, offering a realistic description of the broader environment.

Figure 2.1: The systems in a QM/MM calculation.The QM system is shown in a balls-and-sticks model.

In the QM/MM framework, the boundary region is crucial for interfacing the QM
and MM areas, with electrostatic interactions being key to their coupling. There are
several methods for handling these interactions, each with varying degrees of
complexity and accuracy:

13



Mechanical Embedding: Uses classical point charges to represent
electrostatic interactions between the QM and MM systems. It is
computationally efficient but does not involve any polarization effects.

Electrostatic Embedding: Considers the polarization of the QM region by the
MM region, using a point-charge model of the MM region in the QM
calculations. This typically leads to improved accuracy. This approach is
widely used in biomolecular simulations where polarization effects are
important. It is also used in this thesis.

Polarized Embedding: Extending upon electrostatic embedding, polarized
embedding additionally accounts for the polarization of the MM region by the
QM region. This method offers the highest level of accuracy but is also the
most computationally demanding. Moreover, it requires polarizable MM
model and a QM software that may treat both MM charges and polarizabilities
in the SCF calculations.

A significant challenge in QM/MM methods is how to deal with covalent bonds
across the boundary between the QM and MM regions. This is essential to prevent
significant distortion of the electronic structure for QM region. Various approaches
to link the QM and MM regions typically considers charged groups near the QM
system and often focus on carbon—carbon bonds. Three methods address the atomic
treatment at the QM/MM boundary:

Link-Atom Method: Introduces an additional atom, typically a hydrogen
atom, that forms a covalent bond with the QM atoms, effectively saturating
their valence by replacing the cut bonds.>”""! This method is simple and
computationally efficient, and it is therefore used in this thesis.

Boundary Atom Method: Replaces MM atoms that bond with QM atoms
across the boundary with specialized boundary atoms. These atoms function as
MM atoms in MM calculations but simulate the electronic properties of MM
atoms in the QM region.!**!

Localized Orbital Method: Avoids introducing new atoms by placing hybrid
orbitals at the boundary and freezing some of them to cover the QM region and
substitute the broken bond.* ¢!

The total energy computed using QM/MM methods encompasses three types of
interactions: interactions within the QM region, interactions within the MM region,
and interactions between QM and MM regions. Two main approaches exist for
calculating the total energy:

Additive Scheme: This method expresses the total energy as the sum of three
terms: the energy of the QM region, the energy of the MM region, and the
QM/MM coupling energy. The latter term accounts for the interactions at the
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boundary region, including bond formation, electrostatic interactions, and van
der Waals forces.!*”]

Eqm/mm = Eqmom) + Emmm) + Eqm-mm (2.24)

® Subtractive Scheme: This method, where the total energy is first calculated
using molecular mechanics (MM), is followed by adding the quantum
mechanics (QM) energy of the QM region and subtracting the MM energy of
the same region, ensuring that no interactions are double counted. It can easily
be extended to more than two computational methods and regions. While
ONIOM™! is the typical example, other software like ComQum!®” also
employs similar methods. It has the advantage that it is simple to implement
and does not require any modified MM code.

Eqm/mm = Eqmm) + EmM total — Emm(Qm) (2.25)

Hybrid QM/MM methods have revolutionized our understanding of biomolecular
reactions, providing a powerful tool for unravelling the intricate dynamics and
thermodynamics of these processes at the atomic level. Their ability to bridge the
gap between quantum and classical mechanics, coupled with their computational
efficiency, has made them an indispensable tool in modern biological research. As
computational power continues to increase, QM/MM methods will undoubtedly
play an even more prominent role in shaping our understanding of the intricate
workings of the living world."**!
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2.4 Transition State Theory

Transition state theory (TST) is a fundamental framework in chemical kinetics that
explains how reactions occur and predicts their rates. According to TST, for a
reaction to occur, the reactant molecules must pass through a high-energy structure,
the transition state or activated complex. This transition state exists at the peak of
the energy barrier along the reaction coordinate, and molecules need sufficient
energy, called activation energy, to reach this state.

TST assumes an equilibrium between reactants and the transition state. The reaction
rate is determined by how frequently reactant molecules achieve the transition state
and successfully convert into products. The theory employs principles from
statistical mechanics, treating the transition state as a type of molecule describable
using thermodynamic concepts. TST provides valuable insights into factors
affecting reaction rates, such as temperature and catalysts, and helps elucidate
reaction mechanisms. However, it has limitations, including the assumption of a
single reaction pathway and its dependence on accurate potential energy surfaces.!**!
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Figure 2.2: Energy profile of a chemical reaction showing the effect of an enzyme on activation energy.
The red curve represents the reaction pathway without the enzyme, indicating a higher activation energy.
The blue curve shows the reaction pathway with the enzyme, demonstrating a lower activation energy.
Enzymes facilitate reactions by stabilizing the transition state, thereby reducing the activation energy.

Transition State Theory (TST) in enzymology explains how enzymes catalyze
reactions by stabilizing the transition state. Enzymes lower the activation energy
(AG") required for the reaction by binding to substrates and forming an enzyme—
substrate complex, which then transitions to the enzyme—transition-state complex.
This stabilization is achieved through precise interactions at the enzyme's active site,
which reduce the energy barrier and increases the reaction rate. Consequently,
enzymes enhance catalytic efficiency without altering the overall free energy
change (AG°) of the reaction, making them vital for various biochemical
processes.!*?!
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3 Nitrogenase

itrogen is crucial for sustaining life on Earth, being a component of all

amino acids and nucleic acids. Although N, constitutes 78% of the Earth's

atmosphere, nitrogen remains a limiting factor for plant growth and is a
main component in artificial fertilizers,!"! because plants cannot metabolize N, due
to its strong and inert triple bond.

Nitrogenase is the only enzyme that can convert N> to NH; in nature. This process
is called nitrogen fixation which is part of the global nitrogen cycle. The fixation of
nitrogen also occurs in the industrial conversion through the energy-intensive
Haber—Bosch process and through lightning induced chemical conversion in the
Earth’s atmosphere. The Haber—Bosch process requires high temperatures and
pressures, as well as a metal catalyst, and accounts for nearly 2% of the world's total
energy consumption.'”! This process is considered one of the important reasons for
the explosive population growth after World War I1.

S—Fe

LA

Fe protein \ /

Fe4S4 Cluster

Mo/V/FeFe protein P-d:Ster A A
//\/ \\ //\/ N\ //e\/\\

.............. Fé Sm—Fel

\\/\// \\9/\// \\/ //

s
FeMo cluster FeV cluster FeFe cluster

Figure 3.1: Structures of the FeS clusters in nitrogenases.
Nitrogenase exists in three variants: Mo-nitrogenase, V-nitrogenase, and Fe-
nitrogenase. Mo-nitrogenase is the most abundant form with the highest N»-

reducing activity, and it is also the most studied type.!"*7*!*9092 Crystal structures
of Mo-nitrogenase have been known since 1992,**! V-nitrogenase since 2017,°*
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and Fe-nitrogenase since 2023.°! All nitrogenases contain two proteins, the Fe
protein with a [FesS4] cluster and the Mo/V/FeFe protein. The Mo/V/FeFe protein
contains an electron-transfer [FesS7] (P) cluster and the FeMo/FeV/FeFe cluster,
which is one of the most complex clusters known in nature. Mo-nitrogenase contains
a catalytic MoFe;SoC(homocitrate) cluster, known as the FeMo cluster, V-
nitrogenase contains a VFe;SsC(COs)(homocitrate) cluster (FeV cluster), while Fe-
nitrogenase contains a FesSoC(homocitrate) cluster (the FeFe cluster). In all three
cases, the active-site cluster is coordinated to the protein via a cysteine and a
histidine residue.!'2%-39¢:97]
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3.1 Atomic Structure

The most studied nitrogenase has been the Mo-dependent form (Mo nitrogenase),
and this will also be the main studied this thesis. The Fe protein for these three
homologous nitrogenase are encoded by the nifH, vnfH, and anfH genes.!*!

3.1.1 Mo-Nitrogenase

Mo-nitrogenase is a two-component system composed of the MoFe protein and the
electron-transfer Fe protein. The Figure 3.2 illustrates the crystal structure of the
MoFe protein. The MoFe protein is encoded by nifDK and it is a a5> heterotetramer
that contains two iron—sulfur clusters: the FeMo cluster and P-cluster.'!

Chain D P-cluster

FeMo cluster

P-cluster Chain B FeMo cluster

Figure 3.2: Structure of MoFe protein forms an az82 heterotetramer in which two af units (NifDK) are
connected solely via the NifK peptides. Each af unit holds a FeMo cluster and a P-cluster (PDB 3U7Q).
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Figure 3.3: The atomic structure of a) FeMo cluster and b) P-cluster with atom and residue names taken
from the 3U7Q crystal structure.

The FeMo cluster consists of one molybdenum (Mo) atom, seven iron (Fe) atoms,
nine sulfur (S) atoms, one central carbon (C) atom, a homocitrate ligand bound to
the Mo atom, and one cysteine (Cys) and one histidine (His) residue that bind the
cluster to the protein. It is believed to be the active site for substrate binding and
reduction (Figure 3.3 a). The P-cluster contains eight iron (Fe) atoms and seven
sulfur (S) atoms, with six cysteine residues from the protein. It is assumed that the
P-cluster transfers electrons from Fe protein to FeMo cluster (Figure 3.3 b). Despite

20



extensive research into the cluster's complexities, including its functionality,
reactivity, and electronic structure, many aspects remain subjects of debate. 11

The first atomic crystal structure of MoFe protein was solved by Kim and Rees in
1992 at 2.7 A resolution.?” In this structure, the FeMo-co was described as [4Fe:3S]
and [Mo:3Fe:3S] clusters bridged by three sulfide ligands. In 2002, a higher
resolution crystal structure at 1.16 A was solved by Rees, Einsle and coworkers el
showing a light atom in the center of the cluster It was designated “X” (C, N or O)
and was debated for many years. Many DFT calculation suggested that it is a N>~
ion.”® In 2011, Rees, Einsle and coworkers used atomic-resolution X-ray
diffraction data and an electron spin echo envelope modulation (ESEEM) analysis
provide direct evidence that the ligand is C rather than N.I'”? Almost at the same
time, DeBeer and coworkers used X-ray emission spectroscopy (XES) to confirmed
that the central was C.I"” A year later, Ribbe and coworkers demonstrated that the
central carbide of the FeMo cluster originates from S-adenosylmethionine (SAM)
and is inserted by the radical SAM enzyme NifB.!'*")

1992 2002 2011
» » p
s ‘
X &8 ‘sv&\:#: s

Homocitrate

a b Cc

Figure 3.4: The structure of the FeMo cluster based on data from a) 1992 (PDB: 1N2C), b) 2002 (PDB:
1M1N), and c) 2011(PDB: 3U7Q).
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3.1.2 Fe-Nitrogenase

Compared to Mo-nitrogenase, V-nitrogenase and Fe-nitrogenase differ not only by
the replacement of the Mo ion with V or Fe but also by the presence of two
additional G subunits in the VFe and FeFe proteins. These two alternative
nitrogenases are much less stable than Mo-nitrogenase, making VFe and FeFe
proteins less likely to crystallize. It was not until 2023 that Einsle and coworkers
reported the first crystal structure of Fe-nitrogenase and its FeFe cluster from
Azotobacter vinelandii.®> Almost the same time, another study on the structure of
Fe-nitrogenase, utilizing cryo-EM, was reported by Rebelein and colleagues.!'*!!
The FeFe protein is encoded by anfDGK. Chains C and F in Figure 3.5 are the G
subunit, the role and function of which remain unclear.

Chain F

P-cluster

Chain B 5

FeFe cluster

FeFe cluster

Chain C

Figure 3.5: Structure of Fe-nitrogenase. Chains A and D are the D subunits and are shown in yellow.
Chains B and E are the K subunits and are shown in transparent orange. Chains C and F are the G
subunits and are shown in transparent blue (PDB 8BOQ).

P-cluster

The FeFe cluster (Figure 3.6 a) is a [8Fe-9S-C] cluster with an interstitial carbide
ion and an organic homocitrate ligand at the apical iron that substitutes for Mo or V
in the other isoforms and is the active site of substrate reduction. The P-cluster
(Figure 3.6 b) has the same structure as in Mo and V-nitrogenase.>!0!-1%2]
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Homocitrate

Figure 3.6: The atomic structures of the a) FeFe cluster and b) P-cluster in Fe-nitrogenase. The figure
shows atom and residue names from the 8BOQ crystal structure.
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3.2 Mechanism

Mo-nitrogenase is the most extensively studied, most active, and best characterized
form of nitrogenase, and it is also the main enzyme studied of this thesis. The Mo-
nitrogenase reaction requires 16 ATP molecules, eight electrons, and eight protons
to convert one molecule of N, into two molecules of NHs:

N, + 8¢~ + 8H* + 16ATP — 2NH; + H, + 16ADP + 16P, (3.1)

Nitrogenase has been studied extensively using spectroscopic, biochemical, and
kinetic methods. ['#7-1417209397] The reaction is commonly described by the Lowe—
Thorneley cycle (Figure 3.7) for dinitrogen reduction, developed in the 1970s and
1980s. It describes the kinetics of transformations among catalytic intermediates of
nitrogenase, which involves nine intermediates (Eoq—Es) that differ in the number of
added electrons and protons. Although nitrogenase has been studied for decades and
the structures of various forms of the MoFe and Fe proteins and their complexes
have been determined, many mechanistic questions remain unanswered.

Figure 3.7: Simplified kinetic Lowe—Thorneley scheme.
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3.2.1 E¢—E4 States

The Eo—E4 states represent the first part of the Lowe—Thorneley (LT) kinetic
model.'®*!* Some of these intermediates release H,. Recent advancements in
nitrogenase research have significantly enhanced our understanding of the early
catalytic states (Eo to E4) and the mechanism of biological nitrogen fixation. This
progress has been made possible through a combination of advanced spectroscopic
techniques, computational methods, and kinetic studies.

H, H,
Hf,e Hf,e Hf,e Hf,e
2 b b b
Eo SATP > E, SATP 2 E, SATP 2 Es >atp > Ea
H,

Figure 3.8: Early stages of the Lowe-Thorneley kinetic model for N2 reduction.

The resting Ej state is well-documented through accurate crystal structures''’'* and

QM/MM calculations.!"*>'° Quantum refinement has shown that this state does not
contain any additional protons.'®! The E, state has an odd number of unpaired
electrons, which allows for EPR (electron paramagnetic resonance) spectroscopic
studies, including pulsed methods like electron nuclear double resonance (ENDOR).
The E; state arises after the first electron and proton transfer to the FeMo cluster.
Due to its even spin state, E; is challenging to study using spin-selective techniques
like EPR. However, XAS and Mdssbauer spectroscopy suggest that the additional
electron in E primarily resides on an Fe atom within the FeMo cluster, rather than
on the Mo atom.!">!” Computational studies indicate that the most energetically
favorable protonation site in E; is the S2B atom of FeMo cluster.*'*!! The E, state
arises after the accumulation of two electrons and two protons by the FeMo cluster.
Although EPR studies confirm the existence of E,, it remains unclear whether this
state contains a hydride or not. Cryoannealing studies suggest that E; possesses a
high-spin (S = 3/2) state.['®*'1*]

The E4 state arises after the accumulation of four electrons and four protons. The E4
state is regarded as the reactive state to which N is proposed to bind and from which
the reduction begins.[*®! An additional feature of the LT cycle is that the E,, E3, and
E, states can convert back to the Eo, Ei, and E, states by generating Hy.!"'"! This
represents nonproductive hydrogen release that competes with N> reduction.
According to Mo ENDOR spectroscopy, the four electrons and two of the protons
in E4 are formally assigned to two bridging hydrides ([Fe—-H—Fe]).”""''?! This state
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is short-lived, so the enzyme must ensure that N is readily available for binding
before H; is eliminated from the E4 state.[*®!

The location of the added protons in the various E, states is hard to determine. The
FeMo cluster comprises one molybdenum, seven iron, one carbide, nine sulfur ions,
and various ligands such as cysteine, histidine, and homocitrate, which sum up to at
least 21 sites capable of protonation. Each of these sites typically allows for
protonation at two or three distinct positions. Additionally, a hydride ion can bind
to a single metal ion or bridge between two ions, resulting in over 50 potential
positions for each additional proton. Consequently, for the E4 state with its four
added protons, there are theoretically over 50 = 6.25 x 10° distinct protonation
configurations. Each configuration can further adopt 35 possible broken-symmetry
states and two to four spin states, resulting in approximately 10° potential states.
This vast complexity makes it exceedingly challenging to systematically study all
these states comprehensively.**"!

Hoffman and coworkers have proposed that N> binds to the E4 state via a reductive
elimination (re) of Ho.l'"*%'"3! After the addition of four electrons and protons to the
FeMo cluster, nitrogenase reaches the E4 state, which can bind N, via reductive
elimination (re) of Ha, forming E4(N2H>). This mechanism requires the loss of one
H; molecule for each N> molecule, which explains the requirement of 8¢~ and why
H, is a compulsory byproduct. By identifying the EPR spectra for all states during
the relaxation of E4(4H) and E4(N:H>), it has been shown that WT E4(N,H>) can
relax back to the E4 state via oxidative addition (oa; Figure 3.9)."'*!"*! The re/oa
mechanism is reversible, so an increase in H; partial pressure can push the E4(N2H>)
state back to E4(4H) through oxidative addition.I''")

N2 Hz

E4(4H) S E4(N,H;)

re/oa

Figure 3.9: Scheme of re/oa mechanism.

The relative energies of the various BS states have been shown to be sensitive to the
specific exchange and correlation functional used.'” Moreover, different
functionals can lead to variations in the predicted ordering of possible E4 isomers,
creating ambiguity in identifying the most stable configuration.*” This sensitivity
highlights the importance of considering the limitations of DFT and the potential
for variations in results based on the chosen functional.
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3.2.2 E4N:Hz)-Es

Following the formation of the E4(N,H>) intermediate, the catalytic cycle continues
through four more states (Es—Es), which involve partially reduced intermediates of
No.461 Two possible pathways have been proposed for this latter part of the
mechanism: the alternating pathway and the distal pathway. The two pathways are
illustrated in Figure 3.10.

Alternating Distal
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e, H+\ N-N bond
cleavage e, Ht
Y 4
H,N+NH;
E;
VL—»NHﬂ—J

ke', H*
Eg
NH;

M@
Eg

Figure 3.10: The alternating and distal mechanisms of Nz reduction for the later parts of the Lowe—
Thorneley cycle of nitrogenase.
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Alternating Pathway: In the alternating pathway, the two nitrogen atoms are
hydrogenated alternately.!">"'” This pathway involves the formation of hydrazine
(N2Ha), at the Eg intermediate stage. The first NHj3 is released during the subsequent
hydrogenation step, leading to the formation of E7.['"®*!"] The alternating pathway
is supported by inorganic nitrogenase model complexes,!'*” as well as by some
computational and crystallographic studies of nitrogenase.****4%121 The
experimental evidence includes the observation of hydrazine as a product when Mo-
nitrogenase is quenched with acid during N; reduction and the fact that hydrazine
reduction is not inhibited by H», unlike diazene and N reduction. Additionally, it
has been shown that N>, NoH,, CH3NH», and N;H4 react through a common
intermediate.['%!227124]

Distal Pathway: In the distal pathway, the distal nitrogen atom of Fe-bound N
undergoes three sequential hydrogenation steps. After the addition of the fifth
electron and proton, the first NH; molecule is released, resulting in a nitrido (Es)
species. The remaining nitrogen atom, now a nitrido-N, undergoes three more
hydrogenations to produce the second NHi;. This mechanism was originally
suggested by Chatt and has gained support from N»-fixing inorganic model
complexes.!' ¢!
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3.3 Electronic Configurations

3.3.1 FeMo Cluster

FeMo cluster is the catalytic site of MoFe protein in nitrogenase. The resting state
of the FeMo cluster, often denoted as Eo, is characterized by a quartet ground spin
state (S = 3/2) according to EPR spectroscopy.!'>!?! This state has been extensively
studied both experimentally and computationally, and a generally accepted
electronic structure model has emerged.

Early Mo K-edge XAS!?"'# studies and Mo ENDOR.["**"*!l investigations
suggested that the molybdenum ion in the FeMo cluster was in the Mo** oxidation
state. However, high-energy resolution fluorescence-detected X-ray absorption
spectroscopy (HERFD-XAS) studies™ showed that the molybdenum is best
described as Mo®*. This Mo®" ion has an unusual electronic configuration, with two
electrons in the d orbital with down spin and one electron in the d orbital with up
spin, which does not follow Hund’s rule (Figure 3.11). This non-Hund configuration
was proved by a time-dependent density functional theory study.®!

3+ 3+ 2+
Mo Fe Fe

Figure 3.11: The electronic configurations for Mo**, Fe®*, and Fe?" in the FeMo cluster.

In early studies of nitrogenase, three different oxidation states were considered:
Mo(IV)Fe(III)Fe(Il)s,!"**! Mo(IV)Fe(I1I);Fe(11)4,!'*"! and Mo(IV)Fe(IIl)sFe(1I),.['*
Spatzal and colleagues applied spatially resolved anomalous dispersion to the MoFe
protein, obtaining site-specific Fe K-edges for each Fe atom in FeMo cluster and
the P-cluster. Their data supported the Mo(III)Fe(III)sFe(II); oxidation state.["** A
study by Siegbahn's also supported this charge for the resting state, as other
assignments gave unreasonable energetics for the mechanism.!'*”! DeBeer and
colleagues demonstrated that the Mo(III)Fe(Ill)sFe(Il); state is best supported by
DFT calculations and analysis of predicted M&ssbauer isomer shifts.'**) This
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oxidation state distribution of FeMo cluster gives an overall charge of —1 for the
FeMo cluster.

Noodleman and coworkers introduced broken-symmetry (BS) DFT to study the
electronic properties of the FeMo cluster.!'>”"* The seven Fe ions in the FeMo
cluster are in their high-spin states with five unpaired electrons for Fe(IlI) and four
for Fe(Il). These combine antiferromagnetically to a net quartet state for the Eo
resting state. This can be done in 35 different ways (Figure 3.12).Subsequent studies
have shown that a particular category of BS solutions, referred to as BS7,
consistently emerges as energetically most favorable across various studies,
regardless of the specific charge state or the identity of the interstitial atom within
the FeMo cluster.!'>!%!4I The BS7 solutions are characterized by the maximization
of antiferromagnetic coupling between neighboring Fe atoms within the cluster.
They consist of four iron sites with spin-up (o) configuration coupled to three iron
sites with spin-down ([3) configuration. There are three specific BS7 solutions, often
labeled according to the iron ions with spin-down configurations: BS7-235, BS7-
346, and BS7-247. These three solutions are energetically very similar, typically
falling within 4 kJ/mol of each other. The primary distinction between these BS7
spin isomers lies in the specific arrangement of Fe atoms with spin-down
configurations. In the BS7 configuration, Fe3-Fe4 and Fe5-Fe7 form
ferromagnetically coupled pairs within the cluster. Therefore, in the Eo state of
FeMo cluster, the iron sites Fe2 and Fe6 are the most highly oxidized positions in
the cluster.*”!

In this thesis, we used this BS approach in all QM calculations.!"*”) The various BS
states were obtained either by swapping the coordinates of the Fe ions!'® or with
the fragment approach by Szilagyi and Winslow.!'*!! We usually start from the
BS10-147 state (i.e. with minority spin on Fel, Fe4 and Fe7). Then, we did a
comprehensive study of all BS states for the lowest structure and used the best BS
state found for all structures. All QM calculations were performed with the
Turbomole software.'*
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Figure 3.12: The 35 possible BS states of the FeMo cluster in nitrogenase.
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3.3.2 FeFe Cluster

The FeFe cluster, found in FeFe protein, is less well studied and has a [8Fe-9S:C]
chemical composition.'”>'°") Like the FeMo cluster, the FeFe cluster also has a -
sulfide-bridged dicubane architecture with a central carbide atom. In the resting state
(Eo), which is the state typically isolated in the presence of a chemical reductant, the
FeFe cluster is diamagnetic, implying an even number of ferrous (Fe*") and ferric
(Fe™) sites. Mdssbauer spectroscopy suggests that the average isomer shift of FeFe
cluster is ~0.4 mm/s, consistent with an even number of Fe?" and Fe’" sites.['*!

For the FeFe cluster in its resting Eo state, the oxidation states are assigned as
4Fe*"4Fe*" with a singlet spin state (S = 0) according to EPR spectroscopy.!"* These
spins are coupled antiferromagnetically to result in a singlet state. Thus, the cluster
can be described with four Fe ions having a surplus of a spin and the other four
having a surplus of B spin. There are multiple ways to arrange these spins among
the Fe ions, resulting in 70 different BS states, shown in Figure 3.13.
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Figure 3.13: The 70 possible BS states of the FeFe cluster in Fe-onlu nitrogenase.
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3.4 Critical Components

3.4.1 His195

His195, a residue on the a-subunit of the MoFe protein in nitrogenase, is critical for
the functionality of nitrogenase. This residue forms a hydrogen bond with a bridging
sulfide ion (S2B) in the FeMo cluster,!'®'” which may serve as a proton donor
during the nitrogen reduction process.!'*'*’) Substituting His195 with glutamine
(His—Gln) drastically reduces nitrogen fixation activity to less than 1% of the wild-
type, while acetylene reduction remains unaffected.!"**'*”) This indicates a specific
role of His195 in nitrogen reduction. The His195—GIn195 substituted MoFe
protein still exhibits N inhibition of acetylene and proton reduction, suggesting that
N; and acetylene share a binding site. Although it has been proposed that the Ne—H
side chain of His195 directly donates protons to FeMo cluster, the mechanism by
which the proton is replenished on His195 remains unclear. Rotating the imidazole
ring for multiple proton donations could disrupt this process.!"**! Photolysis studies
on His195—Asn195 and His195—GIn195 nitrogenase variants under high-CO
conditions reveal changes in CO binding to FeMo cluster, highlighting the influence
of His195 on CO binding."*""*" In summary, His195 is essential for nitrogen
reduction in nitrogenase, with its sensitivity to substitution and impact on CO
binding underscoring its critical role.

His-195
S2B N= BN BN

b‘\ /6 >> HID HIE HIP
a b

Figure 3.14: (a) The relative position of His195. (b) The three possible protonation states of histidine.
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3.4.2 Homocitrate

Homocitrate is essential for the FeMo cluster in nitrogenase, coordinating to the Mo
atom through its 2-hydroxy and 2-carboxy groups, which are crucial for the
enzyme's function and structure.!'! Its role in nitrogen fixation, compared to similar
molecules like citrate, is not fully understood but may involve facilitating proton
transfer to the active site, potentially through a network of water molecules.!'**!*!]
Computational models suggest that homocitrate helps transfer a proton from its
hydroxyl group to a nearby sulfide, S2B, during hydride intermediate
formation.?**7**4% Additionally, homocitrate is vital for the correct assembly and
insertion of the FeMo cluster into the nitrogenase enzyme, as FeMo cluster
precursors lacking homocitrate cannot be integrated into the MoFe protein.
Substituting homocitrate with other carboxylic acids severely impairs nitrogen
reduction activity, especially for reactions needing multiple protonation steps,
highlighting homocitrate’s critical role in proton transfer. The longer "arm" of
homocitrate may influence water molecule positioning and proton transfer
efficiency, with crystallographic studies showing that citrate’s shorter length results
in a less effective proton transfer pathway and reduced activity. Further research is
needed to fully understand homocitrate’s mechanistic role in nitrogenase,
particularly its impact on proton transfer and the FeMo cluster electronic
structure.!'"5% In our studies (Paper III, IV, VI), we show that homocitrate may
play a role as proton buffer, stabilizing certain intermediates, e.g. HNNH, and NHj.

02\ /01 02\ /01
(|3 - (|3 -
0, C 0, C
AN
>C—c:—c—é—o7 c-c-c-C-0,
| e |
03 C\ 03 C\
0" 05 0¢" 05
2H 1Ha
OZ\ /01 02\ /01
o g 0 c
4 4
Nc-c-c-G-0, >c—c—c—c':—o7
O3 c O3 c
o¢ 0s o 0s
1Hc OH

Figure 3.15: Four considered protonation states of homocitrate, 2H, 1Ha, 1Hc, and OH. Atom numbers
are also shown. Nonpolar H atoms are omitted. The charge of homocitrate is -2, -3, -3, and -4,
respectively, in these four protonation states.
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343 S2B

S2B is a bridging p» sulfide ligand in the FeMo cluster of nitrogenase, which plays
an important role in substrate and inhibitor binding. Crystallographic studies of the
MoFe, VFe, and FeFe proteins have consistently demonstrated that S2B is bridging
between Fe2 and Fe6, beneath the conserved His195 residue. During ligand binding
and exchange, S2B can be reversibly displaced by CO,®” forming a bridging
carbonyl in the "low-CO" state under turnover conditions. Similarly, selenide can
replace S2B during turnover with selenocyanide, and extended turnover can replace
also other sulfides in the FeMo cluster, indicating the structural flexibility of the
cluster."** In VFe protein structures, a light atom, potentially NH*>~ or OH, replaces
S2B, underscoring its reversible exchangeability and its function in creating a
coordination site for substrates or inhibitors absent in the resting state.!'**'%l
However, while crystallographic data emphasize the lability and displacement of
S2B, theoretical studies suggest it might undergo protonation and destabilize an Fe—
S bond, forming a dangling thiol that remains associated with the cluster.!'**'*”] This
discrepancy between experimental and theoretical findings underscores the need for
further research to fully understand the behavior of S2B during nitrogenase catalysis.

His-195

Figure 3.16: The active sites of CO-inhibited Mo-nitrogenase (PDB: 4TKV)

37






4 Summary of papers

This thesis is based on eight publications, Papers [-VIII. In this thesis, we performed
systematic studies of nitrogenase using the combined quantum and molecular
mechanics (QM/MM) approach:

Eo—E4 States: We investigated the formation of H, from the E»—E4 states
(Paper I) and the binding of N> to the Eo—E4 states (Paper II).

Es—Es States: We proposed putative reaction mechanisms of the cluster
without the S2B ligand dissociated (Paper III), along with study the proton
transfer process both with and without the S2B ligand (Paper IV).

S2B Half-Dissociated Process: We examined half-dissociation of the S2B
ligand for the E, intermediate (Paper V) and the latter part of the reaction
mechanism of nitrogenase with a half-dissociated S2B ligand (Paper VI).

Redox Potentials: We calculated redox potentials of the metal clusters in Mo-
nitrogenase (Paper VII).

Fe-Nitrogenase: We set up QM/MM calculations for Fe-nitrogenase and
examined the electronic structure and protonation states of the FeFe cluster in
the Eo and E; states (Paper VIII).
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Paper I: H> Formation in States E>—E4

The aim of this project is to investigate the formation of H, from the E,—E4 states of
nitrogenase. The enzyme must be loaded with four electrons and protons (reaching
the E4 state) before N, can bind.!"* Current research suggests that N, binding is
facilitated by the dissociation of H», which forms through the reductive elimination
of two hydride ions bridging two Fe ions each.!!*%!!1*116138] Thig explains why H,
is a compulsory byproduct in the reaction mechanism.

Despite numerous studies, both experimental and theoretical, we still do not fully
understand many aspects of the reaction mechanisms of nitrogenase.['7!417-
2093.97.152.159-1611 One important reason is that different DFT methods give widely
different predictions of the relative stability of various models of the active site of

nitrogenase'[loﬁ1,36,159]
S2B . ’
S5A . 4
(¢)
Hoffman Ryde Bjornsson Siegbahn

Figure 4.1: Previously suggested E4 structures.

Recent research has examined the formation and dissociation of H, formation and
dissociation within the FeMo cluster. Different DFT methods give different results
for the E; statel®'): TPSS suggests a structure with a proton on S2B and a bridging
hydride ion between Fe2 and Fe6,*®! while other functionals like *SCAN and
TPSSh propose similar structure but with half-dissociated protonated S2B ions.!**!
In contrast, B3LYP favors a doubly protonated central carbide ion. For the Ej state,
B3LYP also prefers a triply protonated carbide ion, contrasting with other
functionals suggesting a structure involving protonated S2B and hydride ions
bridging Fe2 and Fe6.”*! Likewise, several hypotheses for the E4 structure have been
suggested. ENDOR experiments show that E4 should contain two bridging hydride
ions.”>!">) Hoffman and coworkers have suggested a structure in which S2B and
S5A are protonated and there are two hydride ions bridging the Fe2/6 and the Fe3/7
pairs of ions.['”) Ryde and coworkers studied structures with two bridging hydride
ions and showed that a structure with the protons and the hydride ions at the same
positions as suggested by Hoffman is most stable, but three of them are pointing
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towards to other faces of the FeMo cluster.*”’ Bjérnsson and coworkers have
advocated for structures in which the two hydride ions both bridge Fe2/6, S2B is
protonated and dissociated from one Fe and the second proton is on S5A. Siegbahn
suggested a structure with a triply protonated carbide ion and the fourth proton on
S2B with B3LYP.['*>1¢%]

Another related question is the formation and dissociation of H» from the FeMo
cluster which is crucial for nitrogenase's catalytic cycle. If H, forms in the E; or E;
states, the enzyme will go back to E¢ or E; states. However, H, formation in the E4
state is beneficial only in combination with N, binding."! Thorhallsson and
coworkers studied the formation of H» from the E; state calculations and they found
that activation barriers of 86—95 kJ/mol from a structure with S2B dissociated from
one of the Fe ions.!"®"!

In this study, we extend previous investigations by examining the formation and
dissociation of H, from the FeMo cluster in the E,—Ej states because it is not possible
until the E, state when two protons have accumulated on the cluster. The
investigation has three primary objectives: First, to explore the H, formation
reaction across various structures, including the combination of either two hydride
ions or one proton and one hydride ion, and to study reactions at different cluster
positions, such as terminal and bridging hydride ions located on different Fe ions or
the same Fe ion. Second, to investigate the ease of interconversion between different
protonation states, which may elucidate whether the enzyme can prevent H»
formation by positioning the proton and hydride ions far apart. Third, to compare
the results obtained from four different DFT functionals. It is known that the enzyme
must prevent Hy loss in the E; and E; states, while H, formation is essential in the
E, state, but only when accompanied by N, binding. If H> formation occurs too
easily in the E; and Ejs states, it may indicate issues with the DFT method used or
suggest that the correct structure has not yet been identified.

Our studies find large differences in the predictions of the different methods.
B3LYP strongly favors protonation of the central carbide ion and H, cannot form
from such structures. On the other hand, with TPSS, ’'SCAN and TPSSh, H,
formation is strongly exothermic for all structures and therefore needs strict kinetic
control to be avoided. For the E, state, the kinetic barriers for the low-energy
structures are high enough to avoid H, formation. However, for both the E3 and E4
states, all three methods predict that the best structure has two hydride ions bridging
the same pair of Fe ions (Fe2 and Fe6) and these two ions can combine to form H»
with an activation barrier of only 29-57 kJ/mol, corresponding to rates of 7 x 107 to
5x 107 s, i.e. much faster than the turnover rate of the enzyme (1-5s™'). We have
also studied H-atom movements within the FeMo cluster, showing that the various
protonation states can quite freely be interconverted (activation barriers of 12—69
kJ/mol).
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Paper II: N2 Binding to the Eo—E4 States

In this project, we aimed at investigating the binding of nitrogen (N>) to the various
states of nitrogenase. Experimentally, it is known that three or four electrons must
be added before nitrogenase can bind N». Our aim was to study N, binding to the
Eo—E4 states by using QM/MM.

Despite extensive studies of nitrogenase using spectroscopic, biochemical, and
kinetic methods, the details of the reaction remain poorly understood.['#7-14:17:20:93.97]
The Eo resting state has been thoroughly characterized by crystallography,
spectroscopy, and computational studies.!*'”'%!3* The E, state, examined using X-
ray absorption and Méssbauer spectroscopy,'>!%”) likely contains a proton on the
S2B p, bridging sulfide ion.*'*"! The E, state is known to involve two conformers,
with at least one containing an iron-bound hydride ion.!"” "1 The Ej state is less
studied experimentally due to its EPR-silent nature.!"*'¥ The E, state, characterized
by EPR and ENDOR spectroscopy, has been shown to contain two hydride ions that
bridge between two Fe ions of the FeMo cluster.”"**!"*1 It has been established that
N> binds to the E; and E, states, but not the E—E, states.!”-!0310114151 1y connection
with N; binding, H is released by reductive elimination, i.e., by forming H, from
two hydride ions.">!"*!3138] SQubsequently, N, is progressively reduced and
protonated to form two molecules of NH;. Based on mutational studies of Val70,
the Fe2-Fe3—Fe6-Fe7 face of the FeMo cluster is proposed as the primary site for
N; reduction, with Fe2 or Fe6 being the most likely N> binding sites.'¢>-¢]

Nitrogenase has also been extensively studied by DFT methods."*” Bléchl,
Kistner, and coworkers proposed that N> binds to Fe7 following the dissociation
of S5A.1'197) Other groups have also suggested that such half-dissociation of the
po-bridging sulfide ions may enhance N binding, but mainly for S2B and N»
binding to Fe2 or Fe.l'* "7 Likewise, crystallographic studies have indicated that
S2B may sometimes be replaced by other ligands,””'**!7! indicating that sulfide
lability may be mechanistically relevant.'’>!*] Bjérnsson and coworkers indicated
N binding to Fe2 or Fe6 in the E4 state with favorable binding energies (56 or 43
kJ/mol), and unfavorable N»>-binding energies to Eo, Ei, and E,, but slightly
favorable to E4 (17 kJ/mol), emphasizing the role of two doubly occupied 34 orbitals
on Fe binding N,.!'"* Hoffman and coworkers suggested that reductive elimination
of H> from E4 is necessary for N, binding and proposed a structure for E4 with two
protons on S2B and S5A and two hydride ions bridging Fe2/6 and Fe3/7.1"°'* DFT
calculations showed a favorable binding free energy (13 kJ/mol) with an endergonic
formation of H» (20 kJ/mol) and a barrier of 49 kJ/mol from E4. Dance showed that
side-on binding of N is less favorable than end-on binding, and bridging N
between two Fe ions is unfavorable. He initially suggested binding to Fe6 and later
proposed a two-step binding process with a promotional N, binding to Fe2 (exo-
position) and a reactive N, binding to Fe6 (endo-position), reporting favorable
binding energies up to 38 kJ/mol, enhanced with a bound H, molecule (up to 59
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kJ/mol).l'*!1"¢"18 Sjegbahn argued that N, binding to Eo—E4 states is endergonic and
suggested that nitrogenase requires four additional electrons for N, binding,
positioning the E4 state as the Eo state in his catalytic cycle. Early studies suggested
N; binding between Fe4 and Fe6 (endergonic by 13 kJ/mol), while later studies
indicated S2B dissociation with N» binding to Fe4 (less endergonic by 10 kJ/mol),
highlighting the dependence of binding energy on the Hartree—Fock exchange in the
functiona] ['7*-180]

Thus, there is no consensus on how N, binds to the FeMo cluster, partly due to
disagreements about the structure of the E4 state and significant variations in the
structures and energies obtained with different DFT functionals. To address this, we
investigated the binding of N> to nitrogenase using four different DFT methods. We
examined the binding of N, to the five Eq—E4 states and evaluated how well different
DFT functionals reproduce the experimental observation that N, binds only to the
E; and E4 states.["1%!%115] For the E—E, states, there is reasonable consensus on the
preferred protonation states.!!>3!3¢13%163.181 Eor the E; and E, states, we expanded
previous studies on the preferred protonation states,!'®3%31 162182181 particylarly
focusing on structures where S2B has dissociated from either Fe2 or Fe6.

— - //\ /
8% 6% 6% 6%

Fe6-S2S Fe2-S6M Fe2-35_3 Fe2-C3

Figure 4.2: The best Es structures with N2 bound, Fe6-S2S, Fe2-S6S, Fe2-3523 and Fe2-C3. The first
three structures were optimised with TPSS, whereas Fe2-C3 was optimised with B3LYP.

We provide insights into the stability of various E3 and E4 state structures, showing
that the S6M and S6S states (with two hydride ions both bridging Fe2/6, cf. Figure
4.2) are the best models for E; with TPSS, TPSSh, and r’SCAN functionals, while
B3LYP favors a triply deprotonated carbide ion. For E4, the S6S structure is most
stable with TPSS, TPSSh, and r’SCAN, although the 3323 and 3523 structures are
close in energy. N binding is observed in the E,—E4 states, occurring end-on in the
exo position of Fe2 or Fe6, with Fe-N bond lengths of 1.80-1.98 A. Half-
dissociation of S2B enhances N; binding, especially to Fe2, with TPSS showing less
preference for half-dissociation than TPSSh, and r*SCAN. TPSS generally favors
N> binding to Fe6, while the other functionals prefer binding to Fe2.

43



@W@7 @W@%
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Figure 4.3: The best E4 structures without N2 bound.

Binding free energy varies with the DFT functional, entropy correction, and binding
definition. Various groups have suggested different sizes of the entropy
correction.!'”7-!71818] UJsing Bjornsson and Siegbahn's large entropy correction
(41-45 kJ/mol), no functional shows favorable binding; however, using Dance’s
lower entropy penalty (17 kJ/mol), TPSS favors binding to E; and Es, and r*'SCAN
to E4. Hybrid functionals in general give weaker binding, favoring Fe2 binding and
central carbide protonation. Our results indicate that structures with S2B dissociated
from Fe2 or Fe6 and those with hydride ions bridging Fe2 and Fe6 are likely
involved in the reaction mechanism. We find no support for the suggestion that
reductive elimination of hydride ions in E4 enhances N, binding (the formation of
H, from E4 will move the cluster back to a reactive state of E,, but N, binding to
such a E, state is still unfavorable). Further studies on H» dissociation from the
FeMo cluster and its effect on N» binding are needed.
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Paper III: Second Part of the Reaction Mechanism with
S2B Bound

The goal of this project was to study the reaction mechanism of nitrogenase without
the dissociation of any sulfide ligand QM/MM calculations. We started from a state
where N; is bound to the cluster and protonated to NoH,, following the dissociation
of Ha.

The debate on whether nitrogenases follow alternating or distal pathway has
persisted for a long time. (cf. Section 3.2.2) The nitrogenases have been thoroughly
studied also by computational methods,!"*!¢135 15716718187 1y gych studies have
produced divergent and disparate suggestions. Notably, there is no consensus on the
structure of the key E4 intermediate, partly because different DFT methods predict
widely different relative stabilities of various protonation states, with discrepancies
up to 600 kJ/mol.'"”) The numerous potential structures and electronic states of the
intermediates further complicate the matter.!*-*"

For example, Hoffman and colleagues suggested a structure with two hydride ions
bridging Fe2-Fe6 and Fe3-Fe7, and protons on sulfides S2B and SS5A, all
positioned on the same face of the FeMo cluster.”>'”! Dance proposed an E4 state
with terminal hydride ions on Fe2 and Fe6, and protons on S2B and S3B. Here, N»
binds side-on to Fe6 without H» dissociation, and is protonated to H.NNHo, leading
to the cleavage of the N-N bond and the formation of NH; fragments on Fe2 and
Fe6.!"'713%1%8] Ngrskov and co-workers suggested that the Eo state is doubly
protonated, and a sulfide ligand dissociates from the cluster, creating a binding site
for N,.[']

This mechanism of sulfide dissociation was inspired by crystallographic studies
indicating that the S2B group in Mo and V-nitrogenases can be replaced by ligands
such as CO, OH", and Se P73 15317LI-190] Recently, our group used QM/MM to
investigate a similar mechanism involving the dissociation of S2B using a larger
and more realistic model system than the one used by Nerskov and coworkers.**!
The results indicated that the conversion of N>H, to two NHs; molecules is
thermodynamically favorable and primarily follows an alternating pathway,
although the first intermediate involves a bridging NNH> group, typically associated
with a distal mechanism..

However, this study did not prove that the nitrogenase mechanism involves a
dissociated S2B group. Therefore, we decided to study the later part of the reaction
mechanism of nitrogenase assuming that the S2B ligand does not dissociate. To
avoid issues arising from the lack of consensus on the structure and protonation of
the E4state, we started our study from a state where N, is already bound to the cluster
and protonated to N>H,, following H» dissociation.
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For each intermediate (Es—Es), we evaluated all structures potentially involved in
the alternating or distal mechanisms, considering various protonation states of
His195, which may form hydrogen bonds with the substrate and intermediates.
Based on the best structure for each E, state, we suggested a mechanism that is
primarily alternating and the substrate binds to Fe6, as shown in Figure 4.4.

In the Es state, the substrate is protonated to H,NNH, (hydrazine), abstracting a
proton from homocitrate. In Es, a proton is added back to homocitrate, maintaining
H,NNH; as the ligand. In E7, the substrate is protonated to H,NNH3, the N-N bond
is cleaved, and the first NH3 dissociates. The resulting NH, group remains bound to
Fe6 and is protonated to NH3, again using a proton from homocitrate. In the E; state,
NH3 dissociates, forming the resting Ey state. Our findings suggest that the enzyme
follows an alternating mechanism, with HNNH and H>NNH; as intermediates, and
the N—N bond is cleaved in the E; state with NH3 products dissociating at the E; and
Es levels.

+e,
+4H* -NH;
+N,

Eo

Figure 4.4: The suggested reaction mechanism for nitrogenase, assuming that S2B remains bound to
the cluster.

To explore proton delivery, we considered Dance's hypothesis involving proton
transfer from the solvent to the FeMo cluster via a chain of water molecules and
homocitrate."**!*12] His-195 may also provide protons,'**'"! though our
calculations suggest its contribution is limited. Interestingly, our results indicated
that homocitrate might act as a proton buffer, stabilizing intermediates like HNNH;
and NHs, which aligns with its essential role in nitrogenase function.!*'#1%%!

Our results also show that bridging intermediates are less stable due to spatial
constraints. Instead, substrate binding to Fe6 is favored, allowing a significant role
of homocitrate.
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Paper IV: Proton Transfer in the E4+—Eg States

Crystallographic studies have demonstrated that the sulfide ligand S2B, which
bridges the Fe2 and Fe6 ions in the FeMo cluster, can be reversibly replaced by
inhibitors such as CO, OH", and Se.’-1#13517LI89.1901 A hotential storage site for the
dissociated SH™ ion has been identified, suggesting that S2B may reversibly
dissociate also during the normal reaction mechanism, thereby providing a binding
site for the substrate.*'®) A recent crystal structure proposed the replacement of
S2B (and the S3A and S5A sulfide ions) by Na,!'"!! although this interpretation has
been questioned.!'**!%!

Dance explored possible proton-delivery pathways from the solvent to the FeMo
cluster, identifying a conserved chain of water molecules terminating near the S3B
ion of the FeMo cluster.["*!5:191:1921 He proposed that protons are delivered to the
FeMo cluster at the S3B atom and are subsequently transferred to the substrate via
various Fe and sulfide ions. He identified six local minima for proton binding on
S3B and demonstrated proton movement between these sites with barriers of 10-60
kJ/mol.!""%"%] However, his studies primarily addressed the initial four steps of the
reaction mechanism (Eo to E4) and utilized a somewhat outdated model of the FeMo
cluster.

Our group has studied putative reaction mechanisms of nitrogenase, beginning from
bound and protonated NoH: and progressing to the formation of two NH;3 molecules,
either with S2B still bound (Paper III)**! or dissociated*® from the cluster. Both
scenarios produced reasonable pathways, predominantly following alternating
mechanisms where the two N atoms are protonated alternately, and products do not
dissociate until reaching the E; intermediate. Therefore, these studies could not
definitively favor one scenario over the other. Furthermore, protons were
hypothetically added to all possible sites on the substrates between each E, state,
assuming free proton movement within the FeMo cluster. These studies primarily
focused on determining the thermodynamically most stable protonation states and
substrate binding conformations at each E, level.

In this study, we studied proton transfers within the FeMo cluster, assuming that the
proton enters at S3B, S4B, or S5A and is then transported to the substrate via the
sulfide and Fe ions. Our results indicate that the net barriers for proton transfers are
generally higher when S2B has dissociated from the cluster compared to when it
remains bound. In the dissociated case, the maximum barriers are prohibitively high
(107-213 kJ/mol) for the Es—E; levels, whereas with S2B bound, the barriers are
lower (69-83 kJ/mol). These results strongly argue against the dissociation of S2B.
Figure 4.5 compares the energies with and without S2B.

For all E, levels, protonation of S5A is consistently more favorable (29-98 kJ/mol)
than protonation of S4B and S3B. States with the proton on Fe7 and Fe2 are also
less stable (16—74 kJ/mol). Even if the proton initially binds to S3B, it would rapidly
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be transferred to SSA, which is thermodynamically more stable. However, the stable
protonation of SSA poses a problem as it becomes a thermodynamic sink, increasing
the effective barriers for the proton-transfer reactions. The individual barriers for
proton-transfer and proton-rotation reactions range from 6—67 kJ/mol, typically
highest at the initial step (S5A to Fe7) or the final step (to the substrate). These
barriers, while lower than the experimental reaction rate, suggest that SSA may
always be protonated during the nitrogenase reaction mechanism, as this would
reduce the proton-transfer barriers by ~20 kJ/mol.
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Figure 4.5: Relative energies for the proton-transfer reactions at the various E, states with and without
S2B bound.

Dance also studied proton-transfer reactions within the FeMo cluster but did not
consider transfers to or from SS5A, resulting in an underestimation of the
barriers.!"*®!31L192) T our mechanisms, protonation of S3B is 29-69 kJ/mol less
stable than protonation of S5A, and backward barriers to S5A are always lower than
forward barriers towards the substrate. With S2B bound, the energy variation of
intermediates and transition states is minimal (4-20 kJ/mol) between the Es to Eg
states, except for the final step. Two pathways are observed: one via S3B and
another via Fe7, with most pathways involving the transfer of the proton from S2B
to the substrate. When S2B is dissociated, the energy variation is larger, and barriers
are higher, requiring the proton to transfer directly from Feb6 to the substrate, often
leading to prohibitively large barriers. It should be noted that Siegbahn has argued
that the proton transfer within the cluster can be significantly accelerated by using
the surrounding water molecules.!"””'”®! However, this is based on QM-cluster
calculations where the surrounding protein is ignored.
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Further analysis of how the surrounding protein affects proton transfers revealed
that steric and electrostatic effects from the protein and solvent outside the QM
system are significant. The MM energy correction is small (=11 to 15 kJ/mol) but
slightly biased to positive values, while the point-charge model has a larger
influence (—18 to 84 kJ/mol). Protonation of S2B is more favored by the surrounding
electrostatics than other protonation states.
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Paper V: Ez States with S2B Half-Dissociated

Recent studies have suggested that the protonated S2B ligand in the E; state of the
FeMo cluster may dissociate from one of its two Fe ions (Fe2 or Fe6).!!¢7:16%:184.1]
Thorhallsson & Bjornsson (T&B) conducted a comparative study of 18 different
states, considering protonation of the three x, bridging sulfide ions, Fe ions, or the
central carbide using QM/MM calculations.!'®*! They found that the most favorable
structures had either two protons on S2B and S5A or a bridging hydride between
Fe2 and Fe6 and a proton on S2B, which was dissociated from Fe2.

These findings contrast significantly with those of Cao & Ryde, who systematically
studied approximately 40 different protonation states of E,, all with a proton on
S2B.PY They found that the most stable states had a bridging hydride ion between
Fe2 and Fe6, with the protonated S2B ligand still bound to both Fe2 and Fe6. States
with the hydride ion on either side of S2B differed by only 2 kJ/mol, while a state
with a terminal hydride ion on Fe5 was only 3 kJ/mol less stable. States with the
second proton on SSA (pointing either towards S2B or S3A) were 30 and 37 kJ/mol
less stable. No states with the protonated S2B dissociated from either Fe2 or Fe6
were observed, but such states were not systematically explored.

Given the repeated suggestion that half-dissociated S2B states may play a role in
the nitrogenase reaction mechanism,!'*"1*1841%1 jt i crycial to resolve these
discrepancies. Therefore, we conducted a systematic study of 26 different E,
structures at various levels of theory to determine whether the inconsistencies are
due to the QM model, DFT method, the BS state, the basis set or relativistic effects.

We performed QM/MM calculations with four different functionals and found that
the BS state, the size of the QM model, and the relaxation of the surrounding
environment influence relative stabilities by up to 12, 20, and 37 kJ/mol,
respectively. Additionally, considering all conformations of added protons can
change the relative energies by up to 33 kJ/mol, although it does not alter the ranking
of different structures. The primary difference between the studies is attributable to
the use of different DFT methods.

® TPSS (a pure GGA method) favors structures with both the hydride and S2B
bridging Fe2 and Fe6 (B53), which are 15-18 kJ/mol more stable than
structures with a half-dissociated S2B (H6S), two terminal hydride ions (D26),
or the best structure with no hydride ions (N2353, cf. Figure 4.6).

® B3LYP (a hybrid GGA functional with 20% Hartree—Fock exchange) strongly
favors the C2 structure with a doubly protonated carbide ion, making it 101
kJ/mol more stable than N2335, and disfavors all structures with Fe-bound
hydride ions.
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® TPSSh (a hybrid GGA functional with 10% Hartree—Fock exchange) shows
similar tendencies as B3LYP but to a smaller extent. It favors half-dissociated
structures, making H6S and H6M 7 kJ/mol more stable than B53.

® ’SCAN (a modern pure GGA functional) selectively favors half-dissociated
structures and C2 (but to a lesser extent than hybrid functionals), making H6S
and HO6M 16 kJ/mol more stable than B53.

D26 c2

Figure 4.6: The 26 structures of the E: state investigated in Paper V.
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Figure 4.7: Relative stabilities of the best structures containing hydride ions for the TPSS, TPSSh, and
r’SCAN methods.

Our results indicate that several E; structures (B53, B33, B35, H6M, H6S, D26,
N2353, and C2) are energetically competitive (within 20 kJ/mol). However, two of
them (C2 and N2353) do not contain iron-bound hydride ions and are therefore not
compatible with EPR data.'”""”) Which structure is most stable depends on the
details of the calculations, particularly the DFT method used. Recent studies suggest
that *SCAN, TPSSh, and B3LYP" (with 15% Hartree—Fock exchange) yield the
best structures for Fe2 and FeMo models,*®! while pure GGA functionals, like PBE
and PWI1, perform better for structures and energies involving H, and N binding
to small transition-metal models related to nitrogenase.® Further research with
dispersion-corrected DFT functionals indicates that pure GGA functionals provide
better structures, whereas hybrid functionals give more reliable energetic results.*’!!
Therefore, the relative stabilities of structures with S2B bound to one or two Fe ions
are highly sensitive to calculation details, and which structure is most stable remains
uncertain and requires more extensive testing of various DFT methods.

52



Paper VI: Second Part of the Reaction Mechanism with
S2B Half-Dissociated

The second part of the nitrogenase reaction mechanism, following N, binding, has
been widely debated, particularly whether it follows a distal or alternating
mechanism.!'#! In Paper III, we thoroughly explored the complete reaction
mechanism of nitrogenase, proposing an alternating pathway. We highlighted the
role of the homocitrate ligand as a potential proton buffer, crucial for stabilizing
intermediates such as HoNNH, and NHj at the Es and E; states, respectively.*”!
Furthermore, drawing insights from crystal structures of inhibited nitrogenase,”**”!
we investigated how the dissociation of S2B from the FeMo cluster influences the
reaction mechanism.?**”! Our findings suggested that upon S2B dissociation, NoH,
binds as NNHo, bridging Fe2 and Fe6, with a H,NNH, intermediate at the Es state
and NH; formation occurring in the E7 state.”®! While both mechanisms appeared
equally plausible, our analysis in Paper IV of proton-transfer reactions within the
cluster suggested that maintaining S2B bound facilitates proton transfers to the
substrate.!*"!

Recent studies have suggested that S2B may dissociate from only one of the two Fe
ions, forming unhooked or half-dissociated structures,!*'7118] which seem to be
likely candidates for the E,—E4 states of Mo-nitrogenase.*>**!3] Given this, we
aimed to investigate whether such structures are competitive also in the later stages
of the nitrogenase reaction, following N> binding.

To make half-dissociation possible, we introduced an additional proton to S2B
compared to our earlier studies. Furthermore, we employed two functionals,
*SCAN and TPSSh, known for favoring half-dissociation of S2B (Paper V) while
providing accurate results for the FeMo cluster of nitrogenase.? For the E4 and Es
states, structures with half-dissociated S2B were found to be significantly less stable
(by 1624 and 9-15 kJ/mol) than the best structures with a bridging S2B. The
difference increased dramatically for the E¢ state, for which structures with a half-
dissociated S2B were disfavored by 47-52 kJ/mol. On the other hand, our analysis
also indicated that in the Eg state with NH3 dissociated, the most stable structure
showed S2B bound only to Fe6, as the NH ligand occupied the Fe2—Fe6 bridging
position. However, our results indicate that such structures are not involved in the
reaction mechanism. Specifically, only structures with a bridging S2B ligand were
found when the N-N bond remained intact, while after bond cleavage, NH,
preferred to bridge between Fe2 and Fe6, necessitating S2B dissociation from Fe2
in the most stable state. In the Eg state, NH3; may bind either to Fe2 or Fe6, but S2B
prefers a bridging position by at least 16 kJ/mol.
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Figure 4.8: Suggested second part of the reaction mechanism for nitrogenase, assuming that the S2B
ligand is protonated.
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The two DFT functionals, *SCAN and TPSSh, gave quite consistent structures and
relative energies. Overall, our proposed reaction mechanism (shown in Figure 4.8)
follows an alternating pathway, consistent with our previously suggested
mechanisms involving S2B either bridging or dissociated from the cluster.*-*%?]
However, with *SCAN and TPSSh, the substrate preferentially binds to Fe2, which
contrasts with the previously suggested mechanism (obtained with TPSS and
without the extra proton on S2B), in which the substrate bound preferentially to Fe6
in the presence of a bridging S2B.5"
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Paper VII: E-—Es Redox Potentials

The Lowe—-Thorneley cycle emphasizes the significant roles of electron and proton
transfer in the nitrogenase reaction cycle, driven by redox potential. Measuring the
redox potentials of the FeMo cluster in nitrogenase is challenging because the
reaction cannot be arrested at specific E, states.’ The only confirmed redox
potential is between the resting Eo state and a one-electron oxidized state (denoted
E 1), which lies outside the Lowe—Thorneley cycle at —0.042 V.1290203:204 Eor the
reduction of the resting state, redox potentials of —0.45 V to —0.49 V have been
reported, though they may represent a mixture of reduced states.[2042¢
Computational methods based on the Poisson—Boltzmann equation or similar
approaches yield mean errors of 0.03-0.11 V for relative redox potentials. #4727~
2111 QM calculations, required for absolute potentials and sites of different types,
show larger errors, typically ranging from 0.2 to 0.6 V.?®2'2I A prediction of the
potential of the FeMo cluster had an error of 1.3 V, leading to incorrect identification
of the central carbide ion.”” Even all-atom QM molecular dynamics and free-
energy calculations did not achieve better accuracy than 0.26 V.[2"3]

Recently, our group calibrated various QM/MM methods to estimate the redox
potentials of 13 iron—sulfur clusters containing 1-4 Fe ions.** The most accurate
results were obtained using QM-cluster calculations in a continuum solvent with a
high dielectric constant, employing a large QM model (approximately 300 atoms)
based on QM/MM structures. This approach gave a mean absolute error of 0.17 V,
after correcting for a systematic error of 0.62 V, with the maximum error among the
13 potentials being 0.44 V. Despite the moderate accuracy, these results are
sufficient for making useful predictions, such as identifying the redox couple used
by [4Fe—4S] ferredoxins.

In this study, we explored redox potentials of the P-cluster and FeMo cluster within
Mo-nitrogenase using QM/MM calculations. For the P-cluster, we analyzed six
states and calculated the redox potentials for five transitions. Our results showed
acceptable accuracy, with errors within or just slightly outside the range observed
in the calibration study. We found that the P"'/PN redox potential was the same
regardless if the electron transfer was coupled to proton transfer or not, while the
P"2/P*! redox potential indicated that the P-cluster takes up a proton together with
the electron. These findings validate our method's reliability for studying large iron—
sulfur clusters and redox reactions involving protonation, encouraging its
application to the FeMo cluster.

For the FeMo cluster, our calculations examined twelve states to reproduce the
experimental redox potentials. The calculations confirmed that the resting E, state
has the Mo"Fe} Fell! oxidation state, consistent with previous experimental and
theoretical studies.!'>*'?*!8!) The accuracy of the redox potentials was within the
error range observed in our previous P-cluster study. Our results indicated that the
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Ey to E; transition involves proton transfer, and the calculated redox potentials of
the Eo—E4 states were within 0.41 V, supporting the hypothesis that these states
should have similar potentials to accept electrons from the same donor (the P-
cluster).

Table 4-1: Calculated redox potentials for the Ec—Es states of the FeMo cluster. The last column (AEZ,.)

reports the difference in the calculated redox potential compared to that of the Eo — E1H transition. Redox
potentials for the most favourable structures of the first four transitions are shown in bold face.

Transition alc AES, .
Eo— E4H -1.28 0.00
E1— E2 -1.20 0.08
E1 — E2' -1.45 -0.17
E1— E2" -1.29 0.00
E> — E3 -1.47 -0.19
E2 — E3' -1.81 -0.53

Es - Ea -0.87 0.41

Es — E4' -1.10 0.18
Es — E4" -1.34 -0.06

Es — E4" -1.49 -0.21

With S2B
E4N2H2 — EsN2H3 -0.15 1.13
EsN2H3 — EeN2Ha -0.87 0.41
EeNH — E7NH:2 0.74 2.02
E7NH2 — EsNH3 -0.71 0.57
Without S2B

EaN2H2" — EsN2H3' -0.31 0.97
EsN2H3" — EeN2Ha4' -1.07 0.20
EeN2H4' — E7N2Hs' 1.37 2.65
E7NH2" — EsNH5' -1.09 0.19

Additionally, our study investigated the redox potentials of the E4+—Ejs states of the
FeMo cluster. The calculated potentials for these states are more positive than those
for the Eo/E; couple, indicating exothermic electron transfers. The trends in redox
potentials are consistent regardless of whether S2B remained bound or dissociated.
This suggests that a stronger driving force is not necessary for the reaction
mechanism. Our findings imply that the assumption of direct N, protonation when
bound to the cluster may need reevaluation. Overall, our study demonstrates that
calibrated redox potential calculations can provide strong predictive power and
identify potential issues in proposed reaction mechanisms despite the inherent
limitations in accuracy compared to experimental measurements.
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Paper VIII: The Eo and E; States of Fe-Nitrogenase

Crystal structures of Mo-nitrogenase have been known since 19921*°%! and of V-
nitrogenase since 2017,°* but the first crystal structure of Fe-nitrogenase was
published in 2023.1°"! The same year, a cryogenic electron microscopy structure of
Fe-nitrogenase was also published.!'!!%2!

It is generally believed that Mo, V and Fe-nitrogenase follow similar reaction
mechanisms.!*?'* However, a recent EPR study of the one-electron reduced E; state
in Fe-nitrogenase (which is EPR active, unlike E; in Mo-nitrogenase) suggested that
it contains a Fe-bound hydride ion rather than a sulfur-bound proton.?'” In contrast,
for Mo-nitrogenase, EXAFS measurements and QM/MM calculations have
indicated that the E; intermediate most likely involves a protonated u> belt sulfide,
probably S2B.["*! Previous QM and QM/MM studies have also identified S2B as
the energetically most favorable protonation site in the E; state.l*'?'") Given these
differences, it is of great interest to investigate whether there is a difference in the
protonation preferences of Mo and Fe-nitrogenase in the E; state. The recent crystal
structure of Fe-nitrogenase facilitates such an investigation.

We based our calculations on the crystal structure of Fe-nitrogenase from
Azotobacter vinelandii (PDB code 8BOQ),” which includes the entire asf2y:
heterohexamer structure. We carefully determined the protonation states of all
residues, including specific assumptions for charged residues and the assignment of
protonation for histidine residues based on hydrogen-bond patterns and solvent
accessibility. We performed extensive MD simulations to equilibrate the protein
structure in a water box with an ionic strength of 0.2 M, restraining the protein's
heavy atoms to their crystal structure positions. Using DFT methods, we calculated
the electrostatic potentials for the metal sites within the FeFe cluster, P-cluster, and
Mg site to obtain charges for the molecular mechanical force field.

Then we performed QM/MM calculations of the Ey state. We examined all 70 BS
states of the cluster, revealing that the relative stabilities of these states are similar
to those obtained for the FeMo cluster, though with some notable differences in the
order. The most stable BS states were identified as Noodleman’s BS7 type. This
state also best reproduced the Fe-Fe and Fe—ligand distances of the crystal structure.
We also investigated the protonation states of homocitrate and His180, finding that
His180 prefers protonation on NE2, and homocitrate is most stable when singly
protonated at the alcohol O7 atom, which was also supported by the quantum
refinement of the crystal structure.
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Figure 4.9: Relative energies (kJ/mol) of the various protonation states tested for Fe-nitrogenase in the
Eo state.

For the E; state, we also examined the BS states, and the results showed that all 70
BS states are distinct, and many are close in energy. There are significant differences
in the preferred BS states for the E; state compared to those observed for Mo-
nitrogenase. We optimized the structures of 50 different protonation states and
found that, across four different DFT functionals (TPSS, ’SCAN, TPSSh, and
B3LYP), protonation of the u, belt sulfide ion S2B is more favorable than the
formation of a Fe-bound hydride ion. The best hydride-bound structure, with a
hydride bound terminally to Fe2, is 14, 26, 32, and 117 kJ/mol less stable than the
S2B protonated structure with the TPSS, ’SCAN, TPSSh, and B3LYP functionals,
respectively. This stability difference remains even with a larger basis set or relaxed
surroundings during geometry optimization. Our results indicate that the E; state
does not contain a Fe-bound hydride ion, aligning with findings for Mo-nitrogenase
but contradicting recent EPR results suggesting a hydride ion in the E, state of Fe-
nitrogenase.*!”!

)_‘:1

Figure 4.10: Best E1 structure, protonated on the S2B atom.
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5 Conclusions and Outlook

This thesis aims to gain a deeper understanding of the function and mechanism of
nitrogenase by using computational methods. We employed QM/MM methods to
study molecular structures, electronic states, intermediates, and predict possible
reaction mechanisms. The thesis consists of eight papers.

Paper I and II: The early stages of the catalytic cycle (Eo—E4) were examined to
understand the formation and dissociation of H, and the binding of N,. The study
revealed significant variability in the predictions of different DFT functionals. The
B3LYP functional strongly favor protonation of the central carbide ion, preventing
H, formation, whereas TPSS, ’'SCAN, and TPSSh functionals showed exothermic
H, formation, suggesting that strict kinetic control is required to avoid premature H
release. N, binding studies indicated that half-dissociation of the S2B ligand
enhances N binding, particularly to Fe2 or Fe6, depending on the functional used.

Paper III and IV: The later stage of the catalytic cycle (Es—Es) was explored,
focusing on the role of the S2B ligand and proton-transfer mechanisms. The results
supported an alternating mechanism with significant involvement of the homocitrate
ligand as a proton buffer. Proton-transfer studies suggested that S2B should remain
bound to facilitate lower energy barriers for proton transfers, contradicting the
hypothesis of S2B dissociation.

Paper V and VI: The possibility that the S2B ligand may dissociate from either Fe2
or Fe6 was thoroughly examined. The studies highlighted that the stability of
various Es structures depends heavily on the DFT method used. TPSSh and r*SCAN
functionals favored structures with S2B half-dissociated from one Fe ion, while
B3LYP strongly favors the C2 structure with a doubly protonated carbide ion and
TPSS favors structures with both the hydride and S2B bridging Fe2 and Fe6. The
investigation was then extended to later stages (E4—Es) of the reaction mechanism,
finding that half-dissociated structures are less stable than structures in which S2B
remains bound to both Fe ions, except when the N-N bond is cleaved.

Paper VII: Redox potential calculations were conducted for the P-cluster and FeMo
cluster. The results showed that the Eo to E; transition involves protonation when
the electron is taken up. The study provided valuable insights into the redox
properties of nitrogenase, suggesting that direct N, protonation may need
reevaluation.
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Paper VIII: The first Fe-nitrogenase structure was analyzed, focusing on the
protonation states of homocitrate and His180, as well as the BS states in the Eo and
E, states. The results indicate a preference for S2B protonation over Fe-bound
hydride formation, aligning with Mo-nitrogenase results but contradicting recent
EPR studies suggesting a hydride ion in the E; state of Fe-nitrogenase.

This thesis uses QM/MM methods to investigate the reaction mechanism of
nitrogenase and examines several significant aspects of the nitrogenase reaction.
While the challenges caused by BS states and DFT functionals are often more
problematic than commonly supposed, several meaningful results are obtained.
While the selection of computational method may influence the results, these
computational studies have enhanced our understanding of nitrogenase.
Computational methods have proven to be an invaluable tool for studying
nitrogenase intermediates that are challenging to observe through conventional
experimental techniques.

However, the exact structure of the E4 intermediate remains controversial.l*!3%160-217]

Experimental and computational approaches must continue to be applied to unravel
this key intermediate in nitrogenase catalysis. Furthermore, nitrogenase can utilize
protons and electrons as reducing equivalents to convert CO, CO», and CN™ into
hydrocarbons under ambient conditions. These enzymatic Fischer—Tropsch (FT)
reactions demonstrate the versatility and importance of the nitrogenase
system,[#152:160.218220] {Jpderstanding the mechanisms of such reactions is not only
crucial for understanding the mechanism of nitrogenase, but also has important
implications for prebiotic chemistry and biotechnological applications.

In summary, our computational studies have enhanced our understanding of
nitrogenase. By revealing the structures of nitrogenase intermediates and employing
sophisticated computational methods, we can not only deepen our comprehension
of the nitrogenase reaction mechanism but also explore its applications across
diverse scientific and practical domains.
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Introduction

Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can cleave

H, formation from the E,—E, states of
nitrogenaset

Hao Jiang 2 and Ulf Ryde (&
Nitrogenase is the only enzyme that can cleave the strong triple bond in Ny, making nitrogen available
for biological lifeforms. The active site is a MoFe;SoC cluster (the FeMo cluster) that binds eight
electrons and protons during one catalytic cycle, giving rise to eight intermediate states Eq—E;. It is
experimentally known that N, binds to the E, state and that H, is a compulsory byproduct of the
reaction. However, formation of H, is also an unproductive side reaction that should be avoided,
especially in the early steps of the reaction mechanism (E, and Es). Here, we study the formation of H,
for various structural interpretations of the E,—E, states using combined quantum mechanical and
molecular mechanical (QM/MM) calculations and four different density-functional theory methods. We
find large differences in the predictions of the different methods. B3LYP strongly favours protonation of
the central carbide ion and H, cannot form from such structures. On the other hand, with TPSS, r’.SCAN
and TPSSh, H, formation is strongly exothermic for all structures and E, and therefore need strict kinetic
control to be avoided. For the E, state, the kinetic barriers for the low-energy structures are high
enough to avoid H, formation. However, for both the Ez and E,4 states, all three methods predict that
the best structure has two hydride ions bridging the same pair of Fe ions (Fe2 and Fe6) and these two
ions can combine to form H, with an activation barrier of only 29-57 kJ mol™?, corresponding to rates
of 7 x 102 to 5 x 10 s~ %, i.e. much faster than the turnover rate of the enzyme (1-5 s7%). We have also
studied H-atom movements within the FeMo cluster, showing that the various protonation states can

quite freely be interconverted (activation barriers of 12-69 kJ mol™?).

believed that the binding of N, is promoted by the dissociation
of H,, which is formed by reductive elimination of two hydride
ions that bridge two Fe ions each."'™* This explains why H, is a

the strong triple bond in N,, making atmospheric nitrogen avail-

able to plant life."™ Crystallographic studies have shown that the

most active type of nitrogenase contains a MoFe,S;C(homocitrate)

cofactor in the active site, called the FeMo cluster.”™
Nitrogenase catalyses the chemical reaction®*

N, + 8¢~ + 8H' + 16ATP — 2NH; + H, + 16ADP + 16P;

®

showing that eight electrons and protons are needed to convert
N, to two molecules of ammonia. Consequently, the reaction is
typically described by eight intermediates E,-E,, differing in
the number of added electrons and protons.'® It has been
shown that the enzyme needs to be loaded by four electrons
and protons (i.e. to E,;) before N, can bind.>* It is currently
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compulsory byproduct in the reaction mechanism (¢f. eqn (1)).

In spite of numerous spectroscopic, kinetic, biochemical
and computational studies,’ *'®'” many details of the reaction
mechanism of nitrogenase are still unknown.*'” An important
reason for this is that different density-functional theory
(DFT) methods give widely different predictions of the relative
stability of various models of the active site of nitrogenase,
e.g. different protonation states of the E, states.'” 2’

The structure of the resting E, state is well-known from
accurate crystal structures, and combined quantum mechan-
ical and molecular mechanical (QM/MM) calculations.*>>'~>?
Moreover, quantum refinement has shown that this state does
not contain any extra protons.”® For the singly reduced and
protonated E, state, DFT studies and EXAFS measurements
indicate that one of the p, bridging sulfide ions, S2B (atom
names are shown in Fig. 1), is protonated.”>*® However,
spectroscopic studies of Fe-nitrogenase (in which the Mo ions
is replaced by Fe), indicate that it instead should contain a
dissociable hydride ions,*” although this is not supported by
recent QM/MM calculations.?®

This journal is © the Owner Societies 2024
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Fig. 1 (a) The FeMo cluster of nitrogenase, showing also the atom names.
(b) The QM system used in the calculations, showing the names of the
surrounding residues.

For the E, state, the results with different DFT methods start
to differ.” Calculations with the pure meta generalised gradi-
ent approximation (mGGA) functional TPSS*® suggest that the
best structure involves a proton on S2B and a hydride ion
bridging the Fe2 and Fe6 ions.'> Other mGGA or hybrid
functionals with a low amount of Hartree-Fock (HF) exchange
(r*SCAN®® and TPSSh*') suggest a similar structure, but with
the protonated S2B ion dissociated from one of the Fe ions.** A
structure with both S2B and S5A protonated is also competitive
with TPSSh.*® The hybrid B3LYP functional (with 20% HF
exchange)®*° suggests instead that the central carbide ion is
doubly protonated. Likewise, for the E; state BALYP suggests a
structure with a triply protonated carbide ions, whereas the
other functionals suggest a structure with S2B protonated and
dissociated from one Fe ion, and two hydride ions both brid-
ging between the Fe2 and Fe6 ions.** Other structures with a
terminal hydride ion or a bound H, molecule have also been
proposed.®”

For the key E, intermediate, many different structures have
been suggested.'”” ENDOR experiments show that E, should
contain two bridging hydride ions'>'*' and based on this and
computational studies, Hoffman and coworkers have suggested
a structure in which S2B and S5A are protonated and there are
two hydride ions bridging the Fe2/6 and the Fe3/7 pairs of ions,

This journal is © the Owner Societies 2024
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with all H atoms pointing towards the same face of the FeMo
cluster.’® We made a systematic search of structures with two
bridging hydride ions and showed that a structure with the
protons and the hydride ions at the same positions is most
stable, but three of them were pointing towards to other faces
of the FeMo cluster.>® On the other hand, Bjornsson and
coworkers have advocated for structures in which the two
hydride ions both bridge Fe2/6, S2B is protonated and disso-
ciated from one Fe and the second proton is on S5A.*° A
thorough study of many of these structures indicated that with
TPSS, the Hoffman and Bjornsson-type structures are nearly
degenerate, whereas the latter are most stable with r’'SCAN and
TPSSh.** A structure with a triply protonated carbide ion and
the fourth proton on S2B is by far best by B3LYP (and compe-
titive with TPSSh).*"*? It has also been suggested that S2B may
fully dissociate from the FeMo cluster,**° inspired by crystal-
lographic studies showing lability of this ligand.®*”*®

Recently, we studied the binding of N, to the E,-E, states of
nitrogenase and showed that only the TPSS* functional gave
binding energies in accordance with experiments (i.e. a favour-
able binding to E, and E,), but not to E,~E,.** The other tested
functionals gave too weak binding to E; or E,. Other studies
have suggested stronger binding of N,, but this depends on
how the binding energy is defined and how the entropy loss of
the N, ligand is treated.****™!

A related question is the formation and dissociation of H,
from the FeMo cluster. This is a very important reaction. If H,
forms from the E, and E; states of nitrogenase, the enzyme goes
back to the E, and E, states, respectively, and two electrons and
protons have been lost on an unproductive side reaction.*** On
the other hand, formation of H, is desirable for the E, state, but
only if it is directly coupled to the binding of N,.

Khadka and coworkers have studied H, evolution from the E,
state with mediated bioelectrocatalysis and DFT calculations.”*
The experiments showed that the rate-limiting step for H, for-
mation is hydride protonation. The calculations were performed
with a minimal QM model of the active site in a continuum
solvent. They were started from a structure with S2B protonated
and a hydride ion bridging Fe2 and Fe6. A free-energy barrier of
only 29 kJ mol~* was obtained.

Thorhallsson and Bjornsson have studied the formation of
H, from the E, state of nitrogenase by QM/MM calculations.>?
They found activation barriers of 86-95 k] mol™' from a
structure with S2B dissociated from one of the Fe ions, depend-
ing on the protonation state of the nearby His-195 residue.
Interestingly, the barrier was much lower (48 k] mol~') when
calculated with a small QM-cluster model, indicating that the
surrounding protein counteracts this side reaction.

Here, we extend these investigations by studying the formation
and dissociation of H, from the FeMo cluster in the E,-E, states.
The aim of this investigation is three-fold: The first is to study the
H,-formation reaction for many different structures: combining
either two hydride ions or one proton and one hydride ion, and
studying reactions for different positions in the cluster, e.g. both
terminal and bridging hydride ions, located on different Fe ions or
on the same Fe ion. The second is to study how easily different

Phys. Chem. Chem. Phys., 2024, 26,1364-1375 | 1365
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protonation states can be interconverted. This may answer the
question whether the enzyme can avoid the formation of H, by
posing the proton and hydride ions far from each other. The third
is to compare the results of four different DFT functionals. We
know that the enzyme needs to avoid the loss of H, from the E,
and E; states, whereas H, formation is necessary for the E, state,
but only in conjunction with the binding of N,. If the H, formation
is too facile for the E, and E; states, it is an indication of problems
with the DFT method used or that the proper structure is still
not found.

Methods

The protein

The calculations were based on the 1.0 A crystal structure of Mo
nitrogenase from Azotobacter vinelandii (PDB code 3U7Q).” The
setup of the protein is identical to that of our previous
studies.'®***%® The entire heterotetramer was included in
the calculations and the quantum mechanical (QM) calcula-
tions were concentrated on the FeMo clusters in the C subunit
because there is a buried imidazole molecule rather close to the
active site (~ 11 A) in the A subunit. The two P clusters and the
FeMo cluster in subunit A were modelled by MM in the fully
reduced and resting states, respectively, using a QM charge
model.>® The protonation states of all residues were the same
as before,”® and the homocitrate ligand was modelled in the
singly protonated state with a proton shared between the hydroxyl
group (O7 that coordinates to Mo) and the O1 carboxylate
atom.”*™® The protein was solvated in a sphere with a radius of
65 A around the geometrical centre of the protein. CI~ and Na"
ions were added to an ionic strength of 0.2 M.** The final system
contained 133915 atoms. For the protein, we used the Amber
£f14SB force field®® and water molecules were described by the
TIP3P model.”® The metal sites were treated by a non-bonded
model®” and charges were obtained with the restrained electro-
static potential method.*®

The FeMo cluster was modelled by MoFe,SoC(homocitrate)-
(CH;S)(imidazole), where the two last groups are models of
Cys-275 and His-442. In addition, all groups that form hydrogen
bonds to the FeMo cluster were also included in the QM model,
viz. Arg-96, GIn-191 and His-195 (sidechains), Ser-278 and
Arg-359 (both backbone and sidechain, including the CA and
C and O atoms from Arg-277), Gly-356, Gly-357 and Leu-358
(backbone, including the CA and C and O atoms from Ile-355),
as well as two water molecules. Finally, the sidechain of Glu-380
was included because it forms hydrogen bonds to GIn191 and
His-442, as well as the sidechains of Val-70 and Phe-381 because
they are close to S2B, Fe2 and Fe6, i.e. the expected reactive
site. The QM system contained 191-193 atoms depending on
the E, state and is shown in Fig. 1. The net charge of QM region
was —4 e.

QM calculations

All QM calculations were performed with the Turbomole soft-
ware (versions 7.5 and 7.6).”° All structures were studied with

1366 | Phys. Chem. Chem. Phys., 2024, 26,1364-1375

View Article Online

Paper

the TPSS,*® r’SCAN,** TPSSh*' and B3LYP**™® functionals,
whereas reactions were primarily studied with the TPSS and
TPSSh functionals. TPSS and r*SCAN are mGGA functionals,
whereas TPSSh and B3LYP are hybrid functionals with 10 and
20% HF exchange, respectively. TPSS has been used in most of
our previous studies of nitrogenase®**?°*°® and gives the best
N, binding energies.”” r’SCAN and TPSSh have been shown to
give accurate structures of nitrogenase models.®" All calculations
involved the def2-SV(P) basis set.®” The calculations were sped up
by expanding the Coulomb interactions in an auxiliary basis set,
the resolution-of-identity (RI) approximation.®*** Empirical dis-
persion corrections were included with the DFT-D4 approach,®
as implemented in Turbomole.

In this investigation we study the E,-E, states of the FeMo
cluster. The resting E, state has the formal Mo"'Fe}Fe}" oxidation
state***® and is a quartet state according to experiments.* The
other four states were obtained by successively adding one electron
and one proton to the previous state. Several positions of the
added protons were tested, based on previous investigations,*” as
will be discussed below. E, was studied in the quartet spin state
and E, in the doublet state, in agreement with experiments* %7
For E; and E3, no experimental data are available and we assumed
the quintet and triplet states, respectively (previous studies have
shown that different spin states are close in energy).'"*"

The electronic structure of all QM calculations was obtained
with the broken-symmetry (BS) approach:”® Each of the seven
Fe ions was modelled in the high-spin state, with either a
surplus of o (four Fe ions) or f§ (three Fe ions) spin. Such a state
can be selected in 35 different ways.”* The various BS states were
obtained either by swapping the coordinates of the Fe ions’ or
with the fragment approach by Szilagyi and Winslow.” The BS
states are named by listing the numbers of the three Fe ions with
minority spin, e.g. BS-235. The selection of the BS states was based
on our previous experience with the similar systems.'%>%33%71.74

For the H, dissociation energies (AEHZ), H, was optimised in
a conductor-like screening model (COSMO)”7® continuum solvent
with a dielectric constant of 80. These calculations employed the
default optimised COSMO atomic radius for H (1.30 A) and a water
solvent radius of 1.3 A.”” The COSMO solvation energy of H, is
small, 1-3 kJ mol ', making this energy correction insignificant.

QM/MM calculations

QM/MM calculations were performed with the ComQum
software.”®’® In this approach, the protein and solvent are split
into three subsystems: system 1 (the QM region) was relaxed by
QM methods. System 2 was kept fixed at the original coordi-
nates (equilibrated crystal structure), to avoid the risk that
different calculations end up in different local minima.

In the QM calculations, system 1 was represented by a
wavefunction, whereas all the other atoms were represented
by an array of partial point charges, one for each atom, taken
from the MM setup. Thereby, the polarisation of the QM system
by the surroundings is included in a self-consistent manner.
When there is a bond between systems 1 and 2 (a junction), the
hydrogen link-atom approach was employed: The QM system
was capped with hydrogen atoms, the positions of which are

This journal is © the Owner Societies 2024
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linearly related to the corresponding carbon atoms (carbon link
atoms, CL) in the full system.”®® All atoms were included in
the point-charge model, except the CL atoms.®’ ComQum
employs a subtractive scheme with van der Waals link-atom
corrections.®> No cut-off is used for the QM and QM-MM
interactions. The geometry optimisations were continued until
the energy change between two iterations was less than
2.6 mol™ " (107® a.u.) and the maximum norm of the Cartesian
gradients was below 10™° a.u. Approximate transition states for
the formation of H, were obtained by performing relaxed scans
of H-H distances.

Result and discussion

We have studied the formation of H, in nitrogenase. This is not
possible until the E, state when two protons have accumulated
on the cluster. Therefore, we have studied the E,-E, states. The
results at each reduction level are discussed in separate
sections. We also study proton transfers within the FeMo
cluster, connecting the various protonated structures.

H, formation in the E, state

We first studied the formation and dissociation of H, from the
E, state. As discussed in the Introduction, different DFT functionals
give different predictions of what is the most stable structure
(protonation) of the E, state. Based on previous investigations,'***
we have studied H, formation and proton transfers within seven
structural candidates for the E, state. These and some additional
low-energy structural candidates are shown in Fig. 2. Relative
energies calculated with four DFT functionals are shown in Table 1.

With the TPSS functional, the most stable structures have
one proton bound to S2B (which bridges Fe2 and Fe6, cf: Fig. 1)
and one hydride ion also bridging Fe2 and Fe6. There are four
structural isomers of this structure depending on the direction
of the two H atoms. The best one has the hydride ion on the
same side of S2B as S3B (called Fe2/6(3)) and the proton on S2B
also points towards S3A (called S2B(3)). This is structure B33 in
Fig. 2 (“B” because both S2B and the hydride ion bridge Fe2
and Fe6). The other three isomers are called B35, B53 and B55,
depending on whether the proton on S2B points towards S3A or

Fig. 2 The eight considered E; structures, showing the structure obtained
with TPSS (B3LYP for C2). The labels are explained in the text. H-H
distances in A are marked in the figures.
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S5A (first number) and whether the hydride ion is on the
same side of S2B as S3A or S5A (second number). They are
4-33 kJ mol " less stable than the B33 structure with TPSS.

For the B33 structure, the proton and the hydride ion are
both on the same side of the cluster, with a distance of 2.32-
2.33 A in the optimised structures, and therefore the formation
of H, from these two atoms is quite straight forward. The
transition state is late, at a H-H distance of 1.0-1.1 A, and
the barrier is 86-91 kJ mol ™" (calculated with TPSS or TPSSh).
For the B55 structure, the hydride ion and the proton are also
on the same side of the cluster, at a distance of 2.21-2.23 A.
However, for this structure, the activation energy for H, for-
mation is lower, 51-55 k] mol .

For the other two structures (B35 and B53), the proton and the
hydride ion are on different sides of the cluster, with initial
distances of 3.4-3.5 A. Therefore, the reaction has to be performed
in two steps. For example, B35 could first be isomerised to B33 by a
rotation of the proton on S2B to the other side and then the
transfer of the proton to the Fe2/6 hydride ion (which we have
already studied). The rotation has a barrier of 55-62 kJ mol .

With TPSSh and r*SCAN, the best structure still has a proton
on S2B and a hydride ion bridging Fe2/6, but S2B has disso-
ciated from Fe2, but not from Fe6. This structure is called H6 in
Fig. 2, indicating that S2B is half-dissociated, still binding to
Fe6. The corresponding structure with S2B dissociated from Fe6
instead (H2 in Fig. 2) is 71-97 kJ mol ™" higher in energy. With
TPSS, B33 is 13 k] mol™' more stable than H6, whereas the
opposite is true with r*SCAN and TPSSh by 41 and 14 kJ mol™?,
respectively.

For the H6 structure, the two H atoms are also on the same
side of the cluster, with a distance of 2.43-2.48 A. However, the
activation barrier for H, formation is quite high, 79 k] mol™*
with TPSS and 104 kJ mol * with TPSSh. The transition state
has a H-H distance of 1.0-1.1 A. For this structure, we also
studied how easily the proton on the half-dissociated S2B ion
may rotate 360° around the Fe6-S2B axis. We found two local
minima. The lowest is that shown in Fig. 2, with the proton
pointing between the hydride ion and S1B. In the second, which
is 2-3 kJ mol " less stable, it instead points towards S3B. The two
minima are separated by barriers of only 12-17 k] mol™*. Thus,
the rotation of this proton is essentially free and it is enough to
study the most stable structure.

Moreover, we studied the formation of H6 from B33 by
cleavage of the S2B-Fe2 bond. This cleavage turned out to be
quite facile, with a barrier of 35-39 k] mol~". Similar reactions
could also be used twice to move hydride ion in the B-type
structures.

With B3LYP, the most stable structure instead has a doubly
protonated central carbide ion. This structure is called C2 (two
protons on the carbide ion). It is 88 kJ] mol™" more stable
than the H6 state with B3LYP, whereas the opposite is true by
66-155 k] mol " with the other functionals. We tried to form H,
in the C2 structure using the B3LYP functional. Interestingly,
even if the two protons on the carbide ion are quite close
(1.71 A), no reaction could be obtained; instead the energy
increased monotonically to over 200 kJ mol™* when the H-H
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Table 1 Structures and reactions within the E; state, listing the structure (Struct), the positions of the two added H atoms (H1 and H2), the BS state, the
H-H distance (A), the relative energy (AE), the H, dissociation energy (A EHZ) relative the Eq state and H, in a COSMO solvent, and the activation energy for

H, formation (AEY; all energies in kJ mol™)

TPSS ’SCAN TPSSh B3LYP
Struct.  H1 H2 BS H-H AE AEy, AE* AE AEy, H-H AE AEy, AE* AE AEy,
B55 S2B(5) Fe2/6(5) 235  2.23 33 —133 51 63 —166 221 42 146 59 171 —158
B53 S2B(5) Fe2/6(3) 235  3.41 4 —104 46  —150  3.45 21 —125 62 152 —139
B33 S2B(3) Fe2/6(3) 235  2.32 0 —100 86 41 145 233 14 119 91 142 —130
B35 S2B(3) Fe2/6(5) 235  3.47 17 -117 17 120  3.55 9 114 133 —120
T53 S2B(3) Fe5 235  5.82 19 —119 160 25 —129  5.82 16 —120 115 —102
H6 S2B(H6)  Fe2/6 235  2.43 13 —113 79 0 —104 2.48 0 —104 104 88 —75
H2 S2B(H2)  Fe2/6 235  3.66 75 —175 80 183  3.78 71 175 186 —-173
Cc2 C2367 C3457 345  1.87 1557 —255 13 —217 177 35  —139 0° 13
C1 S2B(3) C2456 346 3.90 32 —18
E, + H, from B55 235 0.75 —57 —43 —60 —44 075 —65 —40 —-32 —43
E, + H, from B33 235 0.75 —44 56 —40 —64  0.76 —48 —57 -9 —66
E, + H, from H6S 235  0.76  —105 5 —109 5 076  —109 5 —82 6
@ BS-346. ” BS-235. © AEF > 220 kJ mol .
distance was decreased. We also tried to move the Fe2/6
hydride ion in the H6S structure to the central carbide ion.
However, the barrier for such a movement was quite high, Arg-277

106 kJ mol ! with B3LYP. The product, which has protons on
the carbide ion and on S2B (which rebound to Fe2 during the
reaction) is 57 k] mol' more stable than the reactant and
therefore only 32 k] mol ™" less stable than the C2 structure (i.e.
the second-best structure with B3LYP; called C1 in Table 1).

Finally, we considered also H, formation from a structure
with a hydride ion on Fe5 and a proton on S2B(3) (called T53,
highlighting the terminal hydride ion). This structure is 16-
25 kJ mol ™ less stable than the best one for TPSS, r*SCAN and
TPSSh (but 115 k] mol " with B3LYP). The distance between the
two H atoms is 5.82 A. Therefore, the hydride ion on Fe5, first
has to move from the exo position (trans to C), to an endo
position, where it almost bridges to Fe4. The barrier for this is
quite low, only 32 k] mol™', and the intermediate is only
13 kJ mol " less stable than the starting T53 structure. However,
the reaction from this intermediate with a H-H distance of 3.6 A
has a barrier of 160 k] mol~*, making the reaction prohibitive.

In all product structures of these reactions, the formed H,
molecule has dissociated from the FeMo cluster. The structure
of the cluster in these product states is similar because S2B
binds back to Fe2 for the H6 structure, forming a normal E,
structure. However, H, resides in different positions in the
second coordination sphere. The most stable structure is the
one starting from Heé. In this structure, H, is 3.8 A from Fe2 and
it interacts weakly with His-195, Arg-277 and Ser-278 (cf. Fig. 3).
This structure is 105-109 kJ mol ~* more stable than the best E,
structure with the TPSS, r*SCAN and TPSSh functionals, but it
is 6 k] mol~* less stable than the C2 structure with B3LYP. This
shows that formation of H, is strongly downhill with the former
three functionals.

Another way to quantify this is to calculate the energy
difference between a certain structure and the E, state plus
H, in water solution (optimised with the COSMO continuum-
solvation model). This H, dissociation energy (AEy,) is given

1368 | Phys. Chem. Chem. Phys., 2024, 26,1364-1375
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Fig. 3 The best E, structure with H, in the second coordination
sphere. The H-H bond length and distances to the nearest residues are
marked (in A).

for all structures in Table 1. It can be seen that formation and
dissociation of H, are strongly favourable for all structures con-
sidered, by 100-255 kJ mol ™" for TPSS, *SCAN and TPSSh. For
B3LYP, the energies are lower, and for the most stable C2 state, the
H, dissociation energy is actually unfavourable by 13 kJ mol . Yet,
H, dissociation would be further enhanced by translational and
rotational entropy of the released H, molecule (typically estimated
to 17-45 kJ mol ').*%°1%3% For the three structures with H,
already formed and located in the second coordination sphere,
AEy, is smaller and actually unfavourable by 5-6 kJ mol " for the
best structure with all four functionals (but again this will be
reversed by the entropy term).

H, dissociation from the E; state

Next, we studied H, formation from the E; state. As was
discussed in the Introduction, the best E; structure with TPSS,
r*SCAN and TPSSh has S2B protonated and dissociated from
Fe2, but still binding to Fe6, and two hydride ions both
bridging Fe2 and Fe6 (called structure S6, because the two
hydride ions bind to the same pair of Fe ions and S2B binds to
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Fe6; cf. Fig. 4). A structure with the proton on S2B pointing to
another direction (towards S3B rather than S1B) is only
2-9 kJ mol ™" less stable and since the results in the previous
section indicated that the proton on the half-dissociated S2B
may rotate quite freely around the Fe6-S2B axis, this structure
is not further discussed. A structure with the proton and the
hydride ions at the same positions, but with S2B binding to Fe2
instead (S2) is 52-85 kJ mol " less stable than S6.

On the other hand, with B3LYP, a structure with a triply
protonated carbide ion, is 195 kJ mol ™" better (C3 in Fig. 4).
With TPSS and r*SCAN, C3 is 141-189 k] mol * less stable than
S6, but with TPSSh, the difference is only 4 k] mol~'. We have
studied several other E; structures, of two different types. One is
related to Hoffman’s suggestion for the E, state (i.e. with protons
on S2B and S5A and hydride ions bridging Fe2/6 and Fe3/7), but
missing one of the H atoms for E;.>® They are named according to
the direction of the four H atoms (towards, S3A, S2B or S5A), given
by a number in the order S2B-Fe2/6-Fe3/7-S5A and with an
underscore marking the missing H atom, e.g. 35_2, (¢f Fig. 4).
The second type has a proton on S2B(3) (which bridges Fe2/6), a
terminal hydride on Fe5 and either another terminal hydride on
Fe4 (called 345) or a hydride ion bridging Fe2/6, pointing either
towards S3A or S5A (called 335 or 355, respectively; ¢f Fig. 4). The
best structures of these two types are 21-46 and 44-58 kJ mol "
less stable than the S6 structure (35_3 and 355 best), respectively,
with TPSS, r*SCAN and TPSSh, but 178 kJ mol* worse than C3
with B3LYP (35_2 best).

For all functionals, formation of H, is strongly exothermic,
by 59-107 kJ mol " for the best structures (i.e. leading to H, and
E, with S2B protonated; least for TPSS and most for TPSSh, AEy,
in Table 2). The only exception is B3LYP, for which the C3
structure is 49 k] mol ! more stable than E; + H,, i.e. an energy
that is larger than the entropy gain from H, dissociation.

\ ¢ 7 < \
S F\Q /
I <p Y

» %
1,
S2 S6

Fig. 4 The eleven considered Esz structures, showing the structure
obtained with TPSS (B3LYP for C3). The labels are explained in the text.
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We studied H, formation for seven different structures.
Interestingly, the activation barrier for the reactions depends
mainly on what types of H atoms are involved. Connecting two
Fe-bound hydride ions give small barriers. The two hydride ions
in the S6 structure (at a H-H distance of 1.90 A) can be connected
with an activation energy of only 57 (TPSS) or 29 (TPSSh) k] mol .
The reason for the large difference between the two functionals is
that the reaction is much more exothermic with TPSSh than with
TPSS (42 and 5 k] mol "), because the product state contains S2B
dissociated from Fe2 (and H, bound to Fe2). The transition state is
later for TPSS (the H-H distances are 1.1 and 1.3 A, respectively).
Likewise, the barrier to connect the two Fe2/6 and Fe3/7 bridging
hydride ions in the 352_ structure, at an initial distance of 2.02 A,
is only 34-39 kJ mol .

More complicated reactions involving two hydride ions also
give relatively low barriers. The Fe2/6 and Fe5 hydride ions in
the 335 structure are initially at a distance of 3.91-3.99 A.
However, they can form H, by first moving the Fe2/6 hydride ion
also to Fe5 (in the endo position) (i.e. almost bridging to Fe4) and
then connect the two hydride ions. The first step has a barrier of 46—~
55 k] mol !, whereas the second step is facile with a barrier of only
30-31 k] mol . Likewise, the two terminal hydride ions on Fe4 and
Fe5 in the 345 structure, initially 5.9 A apart, can be connected via
an intermediate with the Fe5 hydride ion moved to S5A and a net
barrier of 52 kJ mol ™" with TPSS and only 29 kJ mol~* for TPSSh (in
both cases for the first step).

On the other hand, reactions involving a proton and a
hydride ion have appreciably higher activation energies. The
proton on S2B and the hydride ion bridging Fe2/6 in the 55_2
structure are initially at a distance of 2.26-2.27 A. They can
form H, via an activation barrier of 75 (TPSS) to 115 k] mol ™"
(TPSSh). Likewise, the same two H atoms in the 335 structure
(on the other side of the cluster), with an initial distance of
2.43-2.47 A, can be connected with a barrier of 101-110 kJ mol *.
The same applies to the proton on S2B and the closest Fe2/6
hydride ion in the $6 structure (initially 2.92-2.94 A apart). They
can be connected passing a barrier of 118 (TPSS) or 86 kJ mol *
(TPSSh).

However, we failed to find any reaction of the two closes
protons on the central carbide in the C3 structure with both
B3LYP and TPSSh. Although the two protons are only 1.76 A
apart at the start, the reaction was monotonously uphill to over
200 kJ mol .

We also studied some proton-transfer reactions within the
cluster. For example, the Fe hydride ion bridging Fe3/7 could be
moved to S5A in the 352_ structure (forming the 35_2 structure)
with a barrier of 53 (TPSS) or 26 k] mol ™" (TPSSh). Again, the
reason for the lower barrier with TPSSh is that the reaction is
more exothermic with that functional.

Among the product structures, the one started from the 345
structure was most stable, because it resulted in a E; structure with
a proton on S2B(3) and H, in the second coordination sphere. It
was 61-114 k] mol " more stable than the best E, state with the
TPSS, r*SCAN and TPSSh functionals, but 42 k] mol " less stable
than the C3 structure with B3LYP. Three structures had H,
coordinated to the cluster (either to Fe2 or Fe7), but these
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Table 2 Structures and reactions within the Ej state, listing the structure (Struct), the positions of the three added H atoms (H1, H2 and H3), the BS state,
the H—H distance (A), the relative energy (AE), the H, dissociation energy (AEHZ) relative the E; state and H, in a COSMO solvent, and the activation energy
for H, formation (AE¥; all energies in kJ mol™). For the 335 and S6 structures, two reactions were studied, connecting either a hydride ion and a proton

(HP) or two hydride ions (HH; the two H atoms involved in the reactions are marked in bold face). The lower part of the table shows the products after the
H,-formation reactions, labelled after the starting Ez structure and reaction

TPSS ’SCAN TPSSh B3LYP
Struct.  H1 H2 H3 BS H-H AE AE;, AE AE AEy, H-H AE AEy, AE* AE  ABy,
352_ S2B(3) Fe2/6(5) Fe3/7(2) 147 2.02 57 —-116 39 77 —169 2.03 62 —170 34 265 —216
352 S2B(3)  Fe2/6(5) S5A(2) 147 4.29 55 —115 136 56 —148 4.26 32 —139 124 178 —129
353 S2B(3) Fe2/6(5) S5A(3) 147  3.47 46 —105 45 —137 3.50 21 —128 187 —138
55_2 S2B(5)  Fe2/6(5) S5A(2) 147 2.26 74 -133 75 77 -168 2.27 51  —158 115 212 -163
55_3 S2B(5) Fe2/6(5) S5A(3) 147 2.26 63 —122 65 —156 2.26 40 —147 206 —157
345 S2B(3)  Fed Fe5 147 5.86 68 —127 52 58 —150 5.91 58 —165 29 248 —199
335 HP  S2B(3)  Fe2/6(3) Fe5 147 2.43 61 —120 101 69 —161 2.47 56 —163 110 258 —209
HH Fe2/6(3) Fe5 3.99 55 3.91 46
355 S2B(3)  Fe2/6(5) Fe5 147 5.61 55 —115 58 —150 5.65 4 152 242 —193
S2 S2B(H2) Fe2/6(3) Fe2/6(5) 147 1.94 59 —118 67 —158 1.93 52 —159 263 —214
S6 HP  S2B(H6) Fe2/6(3) Fe2/6(5) 147 1.90 0o -72 118 0 -91 1.90 0 -107 8 195 —146
HH S2B(H6) Fe2/6(3) 2.94 -59 57 2.92 29
C3 C2367  C2456 C3457 147 1.84 189 -—248 141 -233  1.80 44 —111 0 19’
Product states = E; + H,
352_ S2B(3)  H, on Fe7 147 0.85 77 —136 139 104 —195 0.84 74 —181 187 233 —184
55_2 S5A(2) H, dissociated 147 0.76 31 -9 92 12 —-103 0.76 -1 —107 113 151 —102
345 S2B(3)  H, dissociated 147 077 —61 2 0 —109 18 076 —114 6 0 42 7
335 HP  Fe5 H, dissociated 147 076 -25 —34 37 55 —36 076 —46 —-61 68 134 -85
335 HH S2B(3)  H, dissociated 147 076 —-49 —11 13  -97 5 076 —101 -6 13 56 -7
S6 HP  Fe2,6(5) H, on Fe2’ 147 0.79 49 -108 110 28 -119 0.78 34 —142 148 222 -173
S6 HH  S2B(H6) H, on Fe2? 147 0.76 9 —68 70 —38 —54 077 42 —-65 71 115  —67

@ BS-136. ? Barrier >250 k] mol ', ¢ $2B dissociated from Fe2. ¢ Protonated S2B dissociated from Fe2.

structures were at least 70-73 kJ mol " less stable than the best
structure with H, dissociated. It should be noted, however, that we
have not made any systematic investigation of H,-bound (or H,-
dissociated) structures.

H, dissociation from the E, state

Finally, we studied H, formation for the E, state. We studied
24 reactions, starting from 14 different structures, described in
Table 3 and in Fig. 5. Most of the structures are of two different
types. The first have two protons on S2B and S5A and two
hydride ions bridging Fe2/6 and Fe3/7, as suggested by Hoff-
man and coworkers.*® As for the E; structures, they are named
according to the direction of the four H atoms (towards S3A,
S2B or S5A), given by a number in the order S2B-Fe2/6-Fe3/7-
S5A, e.g. 5522 (¢f Fig. 5). We also studied two structures with
S2B dissociated from Fe2 (3323H6 and 3523H6) The second
group is related to the S2 and S6 structures for E;. They also
have protons on S2B and S5A, and two hydride ions, but both
hydride ions bridge Fe2 and Fe6, and S2B has dissociated from
either Fe2 (S6) or Fe6 (S2). Both structures have two local
minima depending on the direction of the proton on S2B (cf.
Table 3). In addition, we studied two differing structures: 3H
has a proton on S2B and three hydride ions on Fe5, Fe6 and
bridging Fe2/6. C3 has three protons on the central carbide and
one on S2B.

The relative stabilities of the various E, states were discussed
in a previous study,” showing that S61 is most stable with TPSS,
TPSSh and r’SCAN, but C3 with B3LYP (which is 233 kJ mol™*
more stable than S61 with this functional, whereas C3 is 192,
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146 and 1 k] mol " less stable than S61 with TPSS, TPSSh and
r’SCAN, respectively). However, with TPSS, several Hoffman-
type structures are competitive, in particular 3323, which is only
3 kJ mol ™ less stable than S61 (27 and 11 kJ mol ™" less stable
with r’SCAN and TPSSh).

With the TPSS, TPSSh and r*SCAN functionals, all studied E4
structures are less stable than the best E, structure and H, in a
COSMO solvent (i.e. AEy, in Table 3) by at least 72, 103 and
95 kJ mol ™, respectively. On the other hand, the C3 structure is
3 kJ mol ! more stable than the dissociated state with B3LYP.
Thus, we can again conclude that formation and dissociation
of H, from the FeMo cluster is highly thermodynamically
favourable and should be kinetically controlled. Therefore, we
performed a thorough investigation of the formation of H,
from all pairs of H atoms on the same face of the FeMo cluster
in 14 different starting structures.

The barriers of all 24 studied reactions are collected in
Table 3. The reactions can be divided into five groups. The
smallest barrier, 15-25 k] mol?, is found for the reaction of
two hydride ions bound to the same Fe6 ion, one terminal and
the other bridging to Fe2 in the 3H structure. This gives an initial
H-H distance of 2.30-2.40 A. Likewise, reactions from the S61
and S64 structures, where the two hydride ions both bridge Fe2
and Fe6 also give quite small barriers of 34-47 k] mol~". In the
starting structure, the two hydride ions are only 1.74-1.87 A apart.

Five reactions have barriers of 59-72 kJ mol " with TPSS and
48-81 kJ mol ™" with TPSSh. They all involve reactions between
a proton on S2B and hydride ion bridging Fe2 and Fe6. They
have initial H-H distances of 2.24-2.37 A, irrespectively of
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Table 3 Structures and reactions within the E state, listing the structure (Struct), the positions of the four added H atoms (H1, H2, H3 and H4), the BS
state, the H—H distance (A), the relative energy (AE), the H, dissociation energy (AEHZ) relative the Eq state and H; in a COSMO solvent, and the activation
energy for H, formation (AE¥; all energies in kJ mol™). The two H atoms involved in the reaction are marked in bold face. The lower part of the table
shows the products after the H,-formation reactions, labelled after the starting Ez structure and reaction

TPSS ’SCAN TPSSh B3LYP
Structure  H1 H2 H3 H4 BS H-H AE AE,, AE' BS AE AE,, BS H-H AE AE,;, AE' BS AE ARy,
3H S2B(3) Fe2/6(3) Fe5 Fe6 14 4.02 40 —112 75 14 125 —228 147 3.90 112 —207 72 147 333 —330
Fe2/6(3) Fe6 2.40 25 2.30 15
S2B(3) Fe2/6(3) 2.39 59 2.39 57
3322 S2B(3) Fe2/6(3) Fe3/7(2) S5A(2) 14 236 15 —87 70 147 52 —156 147 2.57 39 —134 80 147 292 —289
Fe3/7(2)  S5A(2) 2.55 101 2.48 105
3323 S2B(3) Fe2/6(3) Fe3/7(2)  S5A(3) 14 2.37 3 —75 72 135 27 —131 135 245 11 —107 81 135 233 —230
3323H6 S2B(H6S) Fe2/6(3) Fe3/7(2)  S5A(3) 147 2.37 39 —111 76 147 44 —147 147 236 49 —145 88 147 313 —311
Fe2/6(3) Fe3/7(2) 3.24 92 3.09 56
3522 S2B(3) Fe2/6(5) Fe3/7(2) S5A(2) 14 2.04 24 —96 75 14 76 —179 14 2.09 48 —143 53 147 266 —264
Fe3/7(2)  S5A(2) 2.48 99 2.51 74
3523 S2B(3) Fe2/6(5) Fe3/7(2) S5A(3) 14 2.08 14 —86 80 147 25 —129 135 2.26 18 —113 43 346 192 —189
3523H6 S2B(H6S) Fe2/6(5) Fe3/7(2)  S5A(3) 147 2.36 39 —111 77 147 44 —147 147 235 49 —145 88 147 293 —291
Fe2/6(5) Fe3/7(2) 3.16 91 3.09 56
5322 S2B(5) Fe2/6(3) Fe3/7(2) S5A(2) 14 2.53 22 —93 98 147 59 —162 147 2.56 48 —143 102 147 305 —303
S2B(5) Fe3/7(2) 2.96 81 2.97 72
5323 S2B(5) Fe2/6(3) Fe3/7(2) S5A(3) 14 2.77 11 —83 78 147 45 —148 147 3.09 37 —132 67 147 296 —293
5522 S2B(5) Fe2/6(5) Fe3/7(2) S5A(2) 14 2.24 41 —112 61 147 59 —162 147 2.32 51 —147 49 147 305 —303
Fe2/6(5) Fe3/7(2) 2.09 85 2.17 60
Fe3/7(2)  S5A(2) 2.51 102 2.51 77
5523 S2B(5) Fe2/6(5) Fe3/7(2) S5A(3) 14 2.25 30 —101 63 147 43 —146 147 2.32 40 —136 48 147 296 —294
Fe2/6(5) Fe3/7(2) 2.13 84 2.19 16
S2 S2B(H2)  Fe2/6(3) Fe2/6(5) S5A(3) 147 1.88 54 —126 147 79 —182 147 1.86 56 —152 147 293 —290
S64 S2B(H64) Fe2/6(3) Fe2/6(5) S5A(3) 147 1.85 1 —72 47 147 29 —132 147 1.87 18 —113 38 147 257 —254
S61 S2B(H61) Fe2/6(3) Fe2/6(5) S5A(3) 147 1.82 0 —72 42 346 0 —103 157 1.74 0 —95 34 347 229 —226
C3 S2B(3) C2367  C2456 C3457 234 1.83 192 —263 346 146 —249 234 1.83 1 -97 234 0 3
C1 S2B(H6)  Fe2/6  C2367 S5A(3) 346 158 —156
Product states
3H Fe2/6-5 S2B(3) Fe5 146 0.76 —34 —38 147 —56 —48 147 0.76 —56 —40 147 113 —111
3H Fe2/6-6 Fe5 Fe6 H, on Fe6 14 0.87 80 —152 147 131 —234 147 0.85 132 —227 147 423 —420
3322 Fe3/7 S5A(2) 147 0.76 —46 —26 -31 -73 0.76 —32 —64 228 —225
3322 S2B(3) Fe2/6(3) 147 0.76 —28 —43 —44  -59 076 —54 —41 183 —181
3323 Fe3/7 S5A(3) 147 0.76 —60 —11 —47 -57 0.76 —44 -—51 217 —214
3522 S2B(3) S5A(2) 147 076 21 -93 11 -114 076 —11 -84 151 —148
3522 S2B(3) Fe2/6(5) 147 0.75 -6 —66 —28 -75 0.75 —34 —61 179 —177
3523 S2B(3) S5A(3) 146 0.75 5 —77 -9 —94 076 —24 -71 142 —139
5322 S5A(2) Fe2/6(3) 235 0.76 41 —112 58 —162 0.75 48 —143 267 —265
5322 S2B(5) Fe2/6(3) 147 0.76 —16 —56 -30 -73 0.76 —41 —54 198 —196
5323 S5A(3) Fe2/6(3) 146 0.76 47 —119 147 56 —159 147 0.76 36 —132 147 246 —243
5522 Fe3/7 S5A(2) 147 0.76 1 -73 35 —138 0.75 30 —125 298 —295
5522 S2B(5) S5A(2) 147 0.76 41 —112 29 —132 0.77 8 —103 187 —185
5522 S2B(5) Fe2/6(5) 147 0.75 7 =79 -12 -91 0.75 —29 —66 195 —192
5523 Fe3/7 S5A(3) 147 0.76 —-10 —61 20 —123 0.75 18 —113 288 —285
5523 S2B(5) S5A(3) 146 0.76 21 —93 8 —111 076 —6 —89 147 131 —129
3323H6 Fe3/7(2)  S5A(3) 147 0.75 —34 -38 —44  —59 076 —41 -55 220 —217
3323H6 S2B(5) S5A(3) 147 0.76 30 —101 17 —121 077 -4 -91 178 —176
3523 Fe3/7(2)  S5A(3) 147 0.75 —67 -5 —44  —59 0.76 —41 —55 255 —252
3523H6 S2B(5) S5A(3) 147 0.76 39 —110 17 —121 076 -2 -94 172 —170
S64 S2B(H6M) S5A(3) H, on Fe2 147 0.94 40 —112 12 —116 0.80 12 —107 346 109 —106
S61 S2B(H6S) S5A(3) H, on Fe2 147 0.83 26 -98 9 —113 079 -5 -91 84 —82

whether the two H atoms are on the same side as S5A or S3A.
The analogous reaction involving the Fe2/6 hydride and a
proton on a half-dissociated S2B give a slightly higher barrier
of 76-77 k] mol™" and 88 kJ mol ™", respectively. Two reactions
also involve the proton on S2B but the hydride ion bridging Fe3
and Fe7. They have slightly larger initial H-H distances, 2.77-
3.09 A and they give slightly larger barriers of 78-81 kJ mol ™’
with TPSS, but lower barriers with TPSSh, 67-72 kJ mol .
There are four reactions that involve the proton on S5A and
the hydride ion bridging Fe3/7. They have initial H-H distances

This journal is © the Owner Societies 2024

of 2.48-2.55 A, but the barriers are appreciably larger, 98-
105 kJ mol ™" (except two barriers with TPSSh, 74-77 kJ mol ).
Thus, the barriers depend more on the involved H atoms than
on the initial H-H distances.

Finally, seven reactions involve two hydride ions on different
Fe ions. Four of them involve hydrides on the Fe2/6 and Fe3/7
pairs, having initial H-H distances of 2.04-2.13 A. They give
barriers of 75-85 k] mol ! with TPSS and 43-60 k] mol " with
TPSSh. Two involve hydrides in the same positions, but with
S2B dissociated from Fe2. This gives longer initial distances
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Fig. 5 The 15 considered E4 structures, showing the structures obtained
with TPSS (B3LYP for C3). The labels are explained in the text.

(3.16-3.24 A) and higher barriers with TPSS (91-92 kJ mol ™),
but not with TPSSh (56 k] mol ™). The seventh reaction involves
hydride ions on Fe2/6 and Fe5 in the 3H complex. In this case, the
initial H-H distance is much larger, 4.02 A. This gives a more
complicated reaction, in which the Fe2/6 hydride ion first moves to
Fe5, via a Fe5/6 bridging position (with a barrier of 72-75 k] mol )
and then the two hydride ions on the Fe5 ion (with a H-H distance
of 2.20 A) connect with a barrier of 49-58 k] mol * relative to the
starting structure.

We also tried to connect the closest protons on the central
carbide in the C3 structure. However, as for the corresponding E,
and E; states, this was not be possible - the energy rose
monotonically to >170 kJ mol™'. On the other hand, it was
possible to move the Fe3/7 hydride ion in 3523H6 structure to
the central carbide ion. The barrier was only 47 k] mol™" when
studied with B3LYP and the product (with protons also on
S2B(H6), Fe2/6 and S5A(5)) was 33 kJ mol " more stable than
the reactant (and therefore the second-best B3LYP structure),
although it is still 158 k] mol ™" less stable than the C3 structure.
The corresponding reaction with TPSSh was not possible, mainly
owing to the low stability of the product, but also to the fact that
it was started from the 3523 structure with S2B still bridging and
therefore the hydride on Fe2/6 was partly in the way for the
movement of the Fe3/7 hydride ion.

In addition, we tried to convert the S61 structure to the 3323
structure. This requires two steps. First, one of the Fe2/6
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hydrides needs to move to Fe3/7. This can be done with a
barrier of 54-69 kJ mol~*. Then, S2B should bind back to Fe2,
which can be done with a minimal barrier of 5-7 kJ mol .

As a result of the study of the H,-formation reactions, we
obtained 24 different product structures. Most of them have H,
in the second coordination sphere of the FeMo cluster. The best
structure with TPSS has a proton on S5A and a hydride bridging
Fe3 and Fe7. With B3LYP, the best structure has two protons on
S$2B and S5A. With r’SCAN and TPSSh, a structure with a proton
on S2B and a terminal hydride ion on Fe5 is best. This is quite
different from what was observed for the E, state without H,,
indicating that the second-sphere H, molecule has a significant
influence on the relative energies and reflecting that we have not
performed any systematic investigation of this type of complexes.
This is also confirmed by the fact that none of the structures is
more stable than the fully dissociated E, + H, state (AEHz is —5to
—111 kJ mol™" for the best structures with the four DFT
methods). In four of the product structures, H, coordinates
side-on to Fe2 or Fe6. These structures have appreciably larger
H-H bond lengths than the other structures (0.80-0.94 A, com-
pared to 0.75-0.76 A). The best structure has H, bound to Fe2,
S2B protonated and bound only to Fe6, and S5A protonated.
However, this structure is 24-93 k] mol * less stable than be best
structure with H, in the second sphere.

Conclusions

We have studied the formation of H, in the E,-E, states of Mo-
nitrogenase. Even if there are quite some variations between the
individual structures and the DFT functionals employed, there
are some general trends. The lowest barrier for H, formation is
obtained when combining two hydride ions, one terminal on Fe6
and one bridging Fe2/6, 15-25 k] mol™'. Combining two hydride
ions both bridging Fe2/6 also give low barriers, 29-57 kJ mol .
Combining hydride ions bridging Fe2/6 and Fe3/7, give higher
barriers with TPSS, 75-85 kJ mol™', except in the E; state
(39 kI mol™"). With TPSSh, those barriers are lower,
34-60 kJ mol™". The reaction between a proton and a hydride
ion gives similar barriers. With TPSS, combining a proton on S2B
and a hydride ion bridging Fe2/6 typically gives lower barriers
than combining two hydride ions on Fe2/6 and Fe3/7 or a proton
on S5A and a hydride ion bridging Fe3/7. With TPSSh, barriers for
two hydride ions are lower and there are smaller differences
between the two proton-hydride reactions. Instead, there is some
difference between whether the S2B proton and the Fe2/6 hydride
ion are on the same side as S5A (lower barrier) or as S3A (higher
barrier). For both functionals, it seems that the proton-hydride
reactions give a lower barrier as the number of added electrons
and protons increase (i.e. E; > E; > E,). In general, TPSSh gives
lower barriers than TPSS (by 9 kJ mol™ on average), but for
proton-hydride reactions, the opposite is often true.

We have also studied some other reactions, moving around
the H atoms within the FeMo cluster. In agreement with
previous studies of proton transfers in the FeMo cluster during
the later (E,~Eg) steps of the reaction mechanism,* we find
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that individual barriers are rather small, 5-69 k] mol . The
calculations show that a proton on S2B can rotate rather
freely, either moving from the S2B(3) to the S2B(5) side
(55-62 kJ mol ') when S2B is bridging Fe2/6 or rotating around
the Fe6-S2B (12-17 k] mol ") axis when it is dissociated from
Fe6. The dissociation of S2B from Fe2 also has a low barrier
(35-39 kJ mol ™). In fact, it is also possible to move a Fe3/7
hydride ion to S5A (26-53 k] mol™") or to move a bridging
hydride ion from Fe2/6 to Fe3/7 (54-69 k] mol ). A hydride ion
can move to the central carbide with B3LYP (47 k] mol™"), but
only in the E, state and if the starting structure is appropriate.
This shows that the various isomers of the E, states can
interconvert rather freely. Therefore, it is unlikely that the
FeMo cluster may avoid unwanted side reactions by placing
the H atoms on different faces of the FeMo cluster. Likewise, it
seems impossible to avoid the most stable structures for each
E, state, i.e. to stabilise metastable states by kinetic pathways
and barriers.

Finally, we discuss the implications of the current calculations
on the reaction mechanism of nitrogenase. From a functional
point of view, it is clear that the enzyme should avoid the
formation of H, before N, binds, ie. at least for the E, and E;
states. For the E, state, B33 is the most stable structure with TPSS.
Formation of H, from this state has an activation barrier of
86-91 kJ mol™~". This corresponds to a rate of 0.0008-0.0072 s~
(3-26 h™'; using classical transition-state theory with a pre-
exponential factor of 6.2 x 10'* s™'), which is smaller than the
turnover rate of the enzyme 1-5 s~ '.>* Thus, the protein should
be able to avoid this side reaction if the electron flow is proper, but
the rate constant is somewhat smaller than what has been
estimated from kinetic measurements, 0.2 s™',* corresponding
to 77 kJ mol ™. For the B55 structure, the activation energy for H,
formation is lower, 51-55 k] mol . However, this structure is
33-42 kJ mol * less stable than the best state with TPSS or TPSSh,
giving net barriers of 84-97 kJ mol ™", corresponding to rates of
0.2-65 h™*, still much lower than the turnover rate. For the H6
structure, which is the most stable structure with TPSSh and
?SCAN, the activation barrier for H, formation is quite high, 79—
104 k] mol ™. This corresponds to rates of 0.13-5 x 10~° s~ " (0.02—
460 h™"), which are less than the turnover rate of the enzyme. For
the best structure with B3LYP, C2, no H, formation could be
obtained. Thus, we can conclude that H, formation does not seem
to be any serious problem at the E, level of the protein.

Our calculated activation barrier for the H6 structure of E,
is similar to that reported by Thorhallsson and Bjornsson,
86 kJ mol !, with TPSSh.*®> On the other hand, our barrier for
the B55 structure (51 k] mol ') is somewhat larger than that
reported by Khadka and coworkers, 29 k] mol~".°* This might be
caused by the difference in DFT methods (TPSS and BP86) but pure
GGA functionals often give similar results for nitrogenase models.'®
It is more likely that the reason for the difference is that Khadka
and coworkers used QM-cluster calculations, whereas we have
performed QM/MM calculations. In fact, Thorhallsson and Bjorns-
son reported much lower activation energies with cluster models
than QM/MM,* indicating that the surrounding enzyme disfavours
the H, formation.

This journal is © the Owner Societies 2024
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For the E; state, the results are more problematic. The S6
structure, which is preferred with the TPSS, r*SCAN and TPSSh
functionals, has two hydride ions both bridging Fe2/6, and the
barrier of H, formation from these two hydrides is small 29-
57 kJ mol™?, corresponding to 7 x 10® to 5 x 107 s~!, much
faster than the turnover of the enzyme. We see no way for the
enzyme to avoid this problematic side reaction with the current
results. Either the TPSS, r*SCAN and TPSSh methods give
gravely unreliable results or we have not yet found the proper
lowest-energy structure or BS state for E;. Alternatively, the
B3LYP results are trusted, which indicates that C3 structure is
most stable. In our calculations, no H, formation is observed
from this structure. On the other hand, B3LYP gives very weak
N, binding in the E,,** which has led Siegbahn to suggest that
four additional reductions are needed before N, may bind,***
something that does not find any experimental support.*®

For the E, state, the situation is similar: The best structure
with TPSS, ’SCAN and TPSSh is S61, with two hydride ions both
bridging Fe2/6. These can be connected with a barrier of only 34~
47 kJ mol ™', corresponding to rates of 5 x 10*-7 x 10°s7%, ie.
much faster than the turnover rate of the enzyme. However, with
TPSS, the Hoffman-type structures are competitive in stability, in
particular 3323, which is only 3 k] mol ™" less stable than S61.
From this structure, H, formation has a higher barrier of 72—
81 kJ mol ™", i.e. similar to the turnover rate of the enzyme. There
are other Hoffman-type of complexes with lower barriers (down
to 61 kJ mol ™" with TPSS and 46 k] mol ™" with TPSSh), but they
are too unstable compared to the best structure so that the net
barrier (counted from the best structure) becomes prohibitively
high. Finally, the C3 structure is best with B3LYP and competitive
with TPSSh, but no H, formation could be obtained from this
structure. In conclusion, H, formation from the best E, struc-
tures is possible. In this case, it is unclear whether this reaction
should take place before or after binding of N,, i.e. if it should be
avoided or not. The results are in accordance with a recent steady-
state kinetic model of nitrogenase, indicating that the rate of H,
formation is much higher from the E, state than from E,.** In
future studies, we will study the binding of N, to E, structures
with H, and whether the binding of N, can be enhanced by the
concerted formation or dissociation of H,.
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Introduction

N, binding to the Eq—E4 states of nitrogenase+
Hao Jiang ‘© and Ulf Ryde (&) *

Nitrogenase is the only enzyme that can convert N, into NHs. The reaction requires the addition of eight
electrons and protons to the enzyme and the mechanism is normally described by nine states, Eo—Eg,
differing in the number of added electrons. Experimentally, it is known that three or four electrons need
to be added before the enzyme can bind N,. We have used combined quantum mechanical and mole-
cular mechanics methods to study the binding of N, to the Eq—E4 states of nitrogenase, using four
different density functional theory (DFT) methods. We test many different structures for the E,—E, states
and study binding both to the Fe2 and Fe6 ions of the active-site FeMo cluster. Unfortunately, the results
depend quite strongly on the DFT methods. The TPSS method gives the strongest bonding and prefers N,
binding to Fe6. It is the only method that reproduces the experimental observation of unfavourable
binding to the Eg—E; states and favourable binding to Es and E4. The other three methods give weaker
binding, preferably to Fe2. B3LYP strongly favours structures with the central carbide ion triply protonated.
The other three methods suggest that states with the S2B ligand dissociated from either Fe2 or Fe6 are
competitive for the E,—E4 states. Moreover, such structures with two hydride ions both bridging Fe2 and
Fe6 are the best models for E4 and also for the N,-bound Ez and E4 states. However, for E4, other struc-
tures are often close in energy, e.g. structures with one of the hydride ions bridging instead Fe3 and Fe7.
Finally, we find no support for the suggestion that reductive elimination of H, from the two bridging
hydride ions in the E4 state would enhance the binding of N,.

tational studies.””'*™'® The E, state has been studied by X-ray

absorption and Méssbauer spectroscopy'”'® and most likely

Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can cleave
the triple bond in molecular N,,"™ thereby making nitrogen
available for biological lifeforms. X-ray crystallographic studies
have shown that nitrogenase contains a complicated MoFe,SoC
(homocitrate) cluster in the active site, called the FeMo cluster
(Fig. 1).> Alternative nitrogenases exist, in which the Mo ion
is replaced by V or Fe, but they have lower activities.'”'" The
nitrogenase reaction is demanding, requiring eight electrons
and 16 ATP molecules for each N, molecule processecl:3‘4

N, +8e” + 8H™ + 16 ATP — 2 NH; + H, + 16 ADP + 16 P;
®

Nitrogenase has been extensively studied by spectroscopic,
biochemical and kinetic methods."*"* The reaction is normally
described by the Lowe-Thorneley cycle,”® which involves nine
intermediates, E,-Esg, differing in the number of added elec-
trons and protons. The E, resting state has been thoroughly
characterised by crystallography, spectroscopic and compu-

Department of Theoretical Chemistry, Lund University, Chemical Centre, P. O. Box
124, SE-221 00 Lund, Sweden. E-mail: Ulf.Ryde@teokem.lu.se; Fax: +46-46 2228648;
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contains a proton on the S2B p, bridging sulfide ion (see
Fig. 1b for atom names)." The E, state is known to involve two
conformers, of which at least one contains an iron-bound
hydride ion.”*>* The E, state has been characterised by EPR
and ENDOR spectroscopy, and has been shown to contain two
hydride ions that bridge between two Fe ions of the FeMo
cluster.>*2° It has been shown that N, binds to the E; and E,
states, but not the E,-E, states.”*>?”7° In connection with the
binding of N,, H, is released by reductive elimination, i.e. by
the formation of H, from two hydride ions.”>***"** Then, N, is
successively reduced and protonated to two molecules of NH;.
Mutational studies have indicated that the Fe2-Fe3-Fe6-Fe7
face of the FeMo cluster is the primary site for N, reduction and
that Fe2 or Fe6 are the most likely binding sites of N,.***

Nitrogenase has also been extensively studied by compu-
tational methods, using density functional theory (DFT).*®
However, such studies are complicated by the fact that there
are very many possibilities for the binding of up to four
protons to the cluster, that different DFT method give widely
different relative energies of the various protonation states and
that the electronic structure is complicated (there are 35 poss-
ible broken-symmetry states).****

Several DFT studies have been devoted to the binding of N,
to the FeMo cluster in different E,, states.*” Early investigations

This journal is © The Royal Society of Chemistry 2023
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Glu-380. Arg-277
- Gly-357
Homocitrate -
Ser-278
Cys-275

Arg-359

S1A
sg% Cys-275
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Fig. 1 Structure of the FeMo cluster in the E state. (a) lllustrates the
QM system used in all calculations, as well as the names of the nearby
residues; (b) shows the FeMo cluster with atom names indicated. H, C,
N, O, S, Fe and Mo atoms are shown in green, grey, blue, red, yellow,
orange and cyan, respectively. All figures show the same orientation and
colouring scheme.

suffered from incomplete knowledge of the composition of the
cluster, its net charge and the sequence of proton and N,
binding.**™*> However, also later studies have led to disparate
suggestions. Blochl, Késtner and coworkers suggested that N,
binds to Fe7 after dissociation of S5A from this ion (atom
names are shown in Fig. 1).*>**

Other groups have also suggested that such half-dis-
sociation of the p,-bridging sulfide ions may enhance N,
binding, but mainly for S2B and N, binding to Fe2 or Fe6, ***”
and crystallographic studies have indicated that S2B may
sometimes be replaced by other ligands,®*®** indicating that
sulfide lability may be mechanistically relevant.’®*! In particu-
lar, Bjornsson and coworkers showed that N, may bind to Fe2
or Fe6 in E, with favourable binding energies of 56 or 43 k]
mol ™, respectively.”” They did not find any binding of N, to
the E, and E, states, and a less favourable binding (29 kJ
mol™) to the E, state. Recently, they have published a more
thorough study, reporting unfavourable N,-binding energies to
Eo, E; and E, (by 69, 41 and 8 kJ mol™*), but a slightly favour-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

able binding energy to E,, 17 k] mol™".>® They emphasize the

importance of two doubly occupied 3d orbitals on the Fe ion

binding N,, which can donate electron density into the N, n*
orbitals.

Hoffman and coworkers have suggested that reductive elim-
ination of H, from the E, state of nitrogenase is necessary for
the binding of N,.**** Based on ENDOR experiments and DFT
calculations, they suggested a structure of the E, state with two
protons on S2B and S5A (both remaining bound to both Fe
ions) and two hydride ions bridging Fe2/6 and Fe3/7, all
located on the same face of the FeMo cluster. In such a struc-
ture, H, may form from the two hydride ions and N, can bind
to this state with the concurrent release of H,. DFT calcu-
lations suggested a favourable binding free energy of 13 KkJ
mol™" and metadynamics simulations indicated that for-
mation of H, is endergonic by 20 k] mol™, with a barrier of
49 k] mol™" from the E, ground state.

Dance has presented several studies of N, binding to
nitrogenase.’*® He showed that side-on binding of N, is less
favourable than end-on binding and that N, bridging between
two Fe ions is unfavourable. The early studies suggested prefer-
able binding to Fe6. However, recently he suggested that first a
promotional, but unreactive, N, binds to Fe2 in the exo-posi-
tion and then a second reactive N, binds in the endo-position
of Fe6.”” He reported favourable binding energies of up to
38 kJ mol™". The binding is somewhat enhanced in structures
with a bound H, molecule (up to 59 kJ mol™). In all struc-
tures, S2B remains bound to both Fe2 and Fe6.

On the other hand, Siegbahn argued that N, binding to
the E,-E, states is endergonic.®”®" Therefore, he suggested
that nitrogenase needs to be reduced by four additional
electrons before it can bind N,, ie. that the E,-E; states are
outside the catalytic cycle and the E, state becomes the E,
state in his catalytic cycle. Thereby, the cluster reaches a
state with two Fe(r) ions and five Fe(u), which enhances
binding of N,. In his first study, N, was suggested to bind
bridging between Fe4 and Fe6 in a reaction that is endergo-
nic by 13 k] mol™, but in a later study, he suggested that
S2B dissociates from the cluster and N, binds to Fe4 with a
slightly less endergonic free energy of 10 kJ mol™'. The
binding energy strongly depends on the amount of Hartree-
Fock exchange in the functional.

Apparently, there is no consensus in how N, binds to the
FeMo cluster and this is partly caused by the disagreement
regarding the structure of the E, state and the large differences
in the structures and energies obtained with different DFT
functionals. Therefore, we here study the binding of N, to
nitrogenase with four different DFT methods. We study the
binding of N, to the five E,-E, states and see how well
different DFT functionals reproduce the experimental obser-
vation the N, binds only to the E; and E, states."?>?*7° For
the E,-E, states, there is reasonable consensus regarding the
preferred protonation states.'®'%3337:6263 gor the E; and E,4
states, we enhance previous studies of the preferred protona-
tion state,>>7:38:>264°67 in particular with structures where S2B
has dissociated from either Fe2 or Fe6.
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Methods

The protein

The calculations are based on the 1.0 A crystal structure of Mo
nitrogenase from Azotobacter vinelandii (PDB code 3U7Q).” The
setup of the protein is identical to that of our previous
studies.****%% The entire heterotetramer was considered in
the calculations and the quantum mechanical (QM) calcu-
lations were concentrated on the FeMo clusters in the C
subunit because there is a buried imidazole molecule from the
solvent rather close to the active site (~11 A) in the A subunit.
The two P clusters and the FeMo cluster in subunit A were
modelled by MM in the fully reduced and resting states,
respectively, using a QM charge model.®® The protonation
states of all residues were the same as before,°® and the homo-
citrate ligand was modelled in the singly protonated state with
a proton shared between the hydroxyl group (07 that coordi-
nates to Mo) and the O1 carboxylate atom.'®®® The protein was
solvated in a sphere with a radius of 65 A around the geometri-
cal centre of the protein. CI~ and Na' ions were added to an
ionic strength of 0.2 M.”° The final system contained 133 915
atoms. For the protein, we used the Amber ff14SB force field”*
and water molecules were described by the TIP3P model.””
The metal sites®®”® were treated by a non-bonded model” and
charges were obtained with the restrained electrostatic poten-
tial method.”

QM calculations

All QM calculations were performed with the Turbomole soft-
ware (versions 7.5 and 7.6).”® All structures were studied with
the TPSS,”” r*SCAN,”® TPSSh’® and B3LYP®**"®? functionals.
The former two are meta generalised gradient approximation
(GGA) functionals, whereas the other two are hybrid func-
tionals with 10 and 20% Hartree-Fock exchange, respectively.
r’SCAN and TPSSh have been shown to give very accurate struc-
tures of nitrogenase models.*> We employed the def2-SV(P)
basis set.** Previous studies have shown that increasing the
basis set to def2-TZVPD changes the relative energies by up to
11-20 kJ mol~'.37:¢%6%73 Tegt calculations for the best struc-
tures in this study, shown in Table S1 in the ESI, confirm that
this is also the case for the current structures (mean signed
and unsigned changes of 2 and 6 kJ mol™), except in a few
structures, in which the electronic structure changes exten-
sively (Table S21). However, for N,-binding energies, the larger
basis set gives more unfavourable binding energies by 9-21 kJ
mol ™" (average 15 k] mol™'; ¢f. Table S3t), probably reflecting
that the binding with the smaller basis set is enhanced by the
basis-set superposition error. The calculations were sped up by
expanding the Coulomb interactions in an auxiliary basis set,
the resolution-of-identity (RI) approximation.®*>*® Empirical
dispersion corrections were included with the DFT-D4
approach,®” as implemented in Turbomole.

The FeMo cluster was modelled by MoFe,S,C(homocitrate)
(CH;S)(imidazole), where the two last groups are models of
Cys-275 and His-442. In addition, all groups that form hydro-
gen bonds to the FeMo cluster were also included in the QM
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model, viz. Arg-96, GIn-191 and His-195 (sidechains), Ser-278
(both sidechain and backbone, including some atoms from
Arg-359), Gly-356, Gly-357 and Leu-358 (backbone), as well as
two water molecules. Finally, the sidechain of Glu-380 was
included because it forms hydrogen bonds to GIn191 and His-
442, as well as the sidechains of Val-70 and Phe-381 because
they are close to S2B, Fe2 and Fe6, i.e. the expected binding
site of N,. The QM system involved 189-195 atoms (depending
on the E, state and whether N, was included or not) and is
shown in Fig. 1a. The net charge of QM region was always —4e.
His-195 was always neutral and protonated on the NE2 atom,
because this state has been found to be most stable in our pre-
vious studies.?”*%%8

In this investigation we study the E,-E, states of the FeMo
cluster with or without N,. The resting E, state has the formal
Mo"'FellFe!l! oxidation state’*'®® and is a quartet state
according to EPR experiments."™ The other four states were
obtained by successively adding one electron and one proton
to the previous state. Several positions of the added protons
were tested, based on previous
investigations,'®!93%:37:38:52:62767 a4 will be discussed below. E,
and E, were studied in the quartet spin state and E, in the
doublet state, in agreement with experiments.'**>?*% For E;
and E;, no experimental data are available and we assumed
the quintet and triplet states (previous studies have shown
that different spin states are close in energy).>”**

The electronic structure of all QM calculations was obtained
with the broken-symmetry (BS) approach:*® each of the seven
Fe ions was modelled in the high-spin state, with either a
surplus of « (four Fe ions) or p (three Fe ions) spin. Such a
state can be selected in 35 different ways.®” The various BS
states were obtained either by swapping the coordinates of the
Fe ions” or with the fragment approach by Szilagyi and
Winslow.”” The various BS states are named by listing the
number in the Noodleman nomenclature (BS1-10),%¢ followed
by the numbers of the three Fe ions with minority spin. The
selection of the BS states was based on our previous experience
with the similar systems.?”"***® For E,-E,, we tested mainly the
BS7-235 state. The E; structures were studied mainly in the
BS10-147 state. For E,4, an initial investigation was performed
in the BS10-147 and BS-14 states. For the best four (without
N,) or six (with N,) structures, we tested eight additional BS
states (BS7-235, BS7-247, BS7-346, BS2-234, BS6-157, BS8-347,
BS10-127 and BS10-135) with all four functionals.

We study the binding of N, to nitrogenase. We will discuss
three types of structures, viz. without any N, molecule (E,),
with N, bound directly to either Fe2 or Fe6 (denoted E,-Ny),
i.e. in the first coordination sphere with a Fe-N distance of
typically 1.8-2.0 A, but occasionally longer (especially with
B3LYP), up to 2.5 A (but with the N, molecule directed towards
the Fe ion), or with N, unbound, but residing in the second
coordination sphere of the Fe ion (denoted E, + N,). Naturally,
the latter structures are less well defined, but stable structures
were typically found with a Fe-N distance of ~3.7 A from Fe6
and ~2.8 A from Fe2. The N, molecule is no longer directed
towards the Fe ion but forms weak dispersive interactions with
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the surrounding residues. If no local minimum was found for
either E,~N, or E, + N, (i.e. if the geometry optimisation con-
verged to the other type), we obtained a structure with the Fe—
N distance restrained to 1.9, 3.7 or 2.8 A, for E,-N, or second-
sphere bonding to Fe6 and Fe2, respectively. Based on previous
mutational and computational studies,"***® we study only
binding to Fe2 or Fe6, and only end-on binding in the exo
position (i.e. trans to the central carbide ion).

There are several ways to calculate N, binding energies. We
use three different definitions in this article. First, we define
the N, binding energy, AEy,, as the QM/MM energy difference
between the N,-bound structure and the best (i.e. the structure
with the lowest QM/MM energy) optimised structure without
N, at this E, level (denoted E,(best)), and a free N, molecule
optimised in a conductor-like screening model (COSMO)****
continuum solvent with a dielectric constant of 80, the default
optimised COSMO atomic radius for N (1.83 A) and a water
solvent radius of 1.3 A:*

AEy, = E?MMM(E, N,) — EM/MM(E (best)) — E“OSMO(N,)
(2)

It should be noted that the COSMO solvation free energy of
N, is only 2 k] mol™, so it does not matter much whether it is
calculated in vacuum or in the continuum solvent. This seems
to be the definition used by Siegbahn®“®' and by Bjornsson
and coworkers in their latest study.”®

Second, we define the direct N, binding energy (AEg4p) as
the difference in energy between the same type of structure
(i.e. the same E, and protonation state; denoted E, + N,(same))
with N, in the second or first coordination sphere:

AEg, = E?MMM(E,N,) — E?M/MM(E, | N,(same)) (3)

This is the definition used by Dance.’® We have also fol-
lowed such binding reactions by starting from the second-
sphere structure and adding a restraint on the Fe-N distance,
which is successively decreased to a typical bonding distance
(~1.9 A) and finally removing the restraints. The resulting
potential-energy surfaces also give approximate activation
energies for the binding, which are reported.

A third way to define binding energies, intermediate
between the other two, is to use the same type of complex
without N, bound (i.e. the same E, and protonation state;
denoted E,(same)) and free N, as the reference:

AEp, = EM/MM(E, N,) — EM/MM(E, (same)) — ECOSMO(N,)
(4)
This seems to be the definition used by Bjornsson and co-
workers in their first study®® and called single-step N, binding

energy in their second study.”® In all three cases, a negative
binding energy indicates a favourable binding.

QM/MM calculations

QM/MM calculations were performed with the ComQum
software.”®®” In this approach, the protein and solvent are
split into two subsystems: system 1 (the QM region) was
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relaxed by QM methods, whereas system 2 contained the
remaining part of the protein and the solvent, and it was kept
fixed at the original coordinates (equilibrated crystal structure,
to avoid the risk that different calculations end up in different
local minima).

In the QM calculations, system 1 was represented by a wave-
function, whereas all the other atoms were represented by an
array of partial point charges, one for each atom, taken from
the MM setup. Thereby, the polarisation of the QM system by
the surroundings is included in a self-consistent manner
(electrostatic embedding). When there is a bond between
systems 1 and 2 (a junction), the hydrogen link-atom approach
was employed: the QM system was capped with hydrogen
atoms, the positions of which are linearly related to the corres-
ponding carbon atoms (carbon link atoms, CL) in the full
system.”®® All atoms were included in the point-charge
model, except the CL atoms.”> ComQum employs a subtractive
scheme with van der Waals link-atom corrections.'® No cut-
off is used for any of the QM or MM interactions. The geome-
try optimisations were continued until the energy change
between two iterations was less than 2.6 J] mol™ (107 a.u.)
and the maximum norm of the Cartesian gradients was below
107° a.u. Approximate transition states for the binding N, were
obtained by first optimising free N, at a distance of 2.5-4 A
from Fe2 or Fe6 and then performing a relaxed scan of Fe-N
distances until a bound state was found.

Results and discussion

We have studied the binding of N, to the FeMo cluster in nitro-
genase. We will discuss the results for different E, states in
separate sections.

N, binding to the E, and E, states

We first studied the binding of N, to the resting E, state of
nitrogenase (using BS7-235;%° shown in Fig. 1b). As expected,
no N,-bound state was found with any of the four DFT
methods. Bonded structures could be obtained by restraining
the Fe-N distance of 1.90 A. However, the binding energy for
such restrained structures is unfavourable, more for the
binding to Fe2 than to Fe6, e.g. AEy, = 44 and 34 kJ mol ™" for
TPSS (¢f Table 1). With the other three functionals, the ener-
gies are slightly more unfavourable, 44-61 kJ mol™ for Fe6
and 49-69 k] mol™ for Fe2, with the trend B3LYP < TPSSh <
*SCAN.

For the E, state, we added the proton to S2B in agreement
with previous QM/MM***” and experimental studies."*"’ We
assumed that the proton points towards S3A and that the
FeMo cluster remains in the BS7-235 state.>>7%°

In this case, a state with N, bound end-on to both Fe2 and
Fe6 could be found with TPSS (Fig. 2). They have both a Fe-N
distance of 1.92 A (¢f. Table 1). However, the AEy, binding
energies are still unfavourable, by 26 and 33 kJ mol™ for Fe6
and Fe2, respectively. A state with N, in the second coordi-
nation sphere of Fe6 (with a Fe6-N distance of 3.68 A, Fig. 2)

Dalton Trans., 2023, 52, 9104-9120 | 9107



This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

Table 1 Structures of the Eg and E; states with N, in the second coordination sphere (+N;) or bound (—N,) to either Fe2 or Fe6. For each structure
and each of the four DFT methods, the Fe—N bond length (in A; bold face indicates a restrained distance), the relative energy (AE in kJ mol™, within
the same column and section) and the AEy, binding energy (eqn (2) in kJ mol™). Fe—=Ns and AErs are the bond length and activation energy for the
transition state for the binding of N,. All structures were studied in the BS7-235 state. All E; structures were protonated on S2B, with the proton

directed towards S3A

TPSS ’SCAN TPSSh B3LYP

E,  Struct. Fe-N  AE ABEy, Fe-Nps  AErs  Fe-N  AE AEy, Fe-N  AE AEn, Fe-N  AE AEy,
E, Fe2+N, 279 27.6 286 39.4 358 31.6  33.3 37.7 351
Fe6 + N, 3.31 0.0 1.0 0.0 -3.6 0.0 1.6 0.0 -2.5
Fe2-N, 1.90 42.6 435 1.90 69.0 654  1.90 60.0  61.6 1.90 49.5  46.9
Fe6-N, 1.90 33.4 343 1.90 60.9 573  1.90 56.0  57.7 1.90 44.0 415
E, Fe2+N, 2.84 31.0 328 2.4 39.7 2.86 39.1 374 281 32.0 354 2.83 39.0  39.1
Fe6 +N,  3.68 0.0 1.9 2.0 32.4 3.63 00 -17  3.64 0.0 3.4 3.63 0.0 0.1
Fe2-N, 1.92 311 329 1.97 429 412 2.01 464 49.9 1.90 80.8  80.9
Fe6-N, 1.92 241 26.0 1.90 60.3 58.6  1.90 58.6  62.1 1.90 73.7 739
\ unfavourable binding energies of 41 and 50 kJ mol™" for
r’SCAN and TPSSh, respectively. Restraining the Fe-N distance
; ] to 1.90 A, we obtain a AEy, binding energy for B3LYP of 81 kJ

Y4 & y/ _ N .
¢ }\ 7 <€\ } 4 % > mol ™. For Fe6, such restrained structures give AEy, = 59-74 k]
/§ b\ /§ / }\ /§ / mol™". For B3LYP, binding to Fe6 is stronger, whereas for the
E1 E1-Ny(Fe2) E1-N,(Fe6) other two functionals binding to Fe2 is stronger. Thus, we can

His-195,

Gln-19
2
| WY
R
/ 9
2

Ser-278

E1+Ny(Fe2) E1+Ny(Fe6)

Fig. 2 The best E; structures, obtained with TPSS: E; without Np, Fe2—
N, and Fe6—-N, with N, coordinating to Fe, as well as Fe2 + N, and Fe6
+ N2 with N; in the second coordination sphere, showing also nearby
residues.

has AEy, =2 kJ mol™", showing that we could also have used
such a structure as the reference state. In this structure N,
resides in a cavity between homocitrate, His-195, GIn-191 and
Val-70, forming weak interactions with in particular the latter
two residues (N---H distances of 2.4-4.2 A). The activation
energy for the binding of N, to Fe6 from this second-sphere
structure is only 32 k] mol ™.

Around Fe2, a second-sphere structure with a Fe2-N dis-
tance of 2.84 A can be found, but it is 31 kJ mol™" less favour-
able (AEy, = 33 kJ mol~'; Fig. 2). On the other hand, binding
from this structure to Fe2 has an activation energy of only 9 k]
mol™. In this structure, N, interacts weakly with Ser-278
(2.1 A), Arg-277 (2.6 A), Phe-381 (2.7 A) and His-195 (2.8 A).

With the other three functionals, no structure with N,
bound to Fe6 was found. However, structures with N, bound to
Fe2 were found for TPSSh and r*SCAN, but not with B3LYP.
They have Fe2-N distances of 1.97 and 2.01 A, and AEy,

9108 | Dalton Trans., 2023, 52, 9104-9120

conclude that all four functionals suggest that N, binding to
the E, and E,; states is unfavourable, in agreement with
experiments.*>*73° For E;, the bond strengths are in the
order TPSS > r’SCAN > TPSSh > B3LYP, showing a decreasing
trend with respect to the amount of HF exchange in the func-
tional (10% for TPSSh and 20% with B3LYP).

N, binding to the E, state

Next, we considered the binding of N, to the E, state. We first
studied ten structures for the unligated E, state with the H
atoms on S2B, S5A, Fe5, the central carbide or bridging Fe2
and Fe6 (denoted Fe2/6). In some structures, the protonated
S2B group had dissociated from either Fe2 or Fe6. The struc-
tures are described in Table 2 and are shown in Fig. 3. Most of
them were included also in our previous study®® and we use
the naming convention from that study (explained in detail in
Table 2): Structures starting with a “B” have a hydride ion brid-
ging Fe2 and Fe6, and S2B is protonated and also bridging Fe2
and Fe6. The two numbers indicate the direction of the proton
on S2B and the hydride ion (in this order), viz. pointing
towards S3A(3) or towards S5A(5). Structures starting with “H”
has the proton and the hydride in the same positions, but S2B
has dissociated from either Fe2 or Fe6, but not the other Fe
ion (it is half-dissociated). The number indicates which Fe ion
it still binds to, and the final letter indicates whether the
proton on S2B points towards Fe, S or Mo. Structures starting
with “N” have no bridging hydride ion, but instead protons on
S2B and S5A. The numbers indicate the direction of the two
protons in this order (for that on S5A, either towards S2B or
S5A). The T53 structure has a terminal hydride ion on Fe5 and
a proton on S2B, directed towards S3A. The C2 structure had a
doubly protonated central carbide ion.
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Table 2 The ten structures studied for the E, state without N,. The
names are the same as in our previous study of this state.%> AE is the
relative energy for each DFT method (kJ mol™). The H1 and H2 columns
describe which atom is protonated and the direction of the proton. S2B
(3) or S2B(5) means that S2B is protonated with the proton directed
towards the S3A or S5A atoms. Fe2/6(5) means that the H atom bridges
Fe2 and Fe6 on the same side of S2B as S5A. C2367 and C3457 means
that the central carbide is protonated with the proton pointing to the
Fe2—-Fe3-Fe6—-Fe7 or Fe3—Fe4-Fe5-Fe7 face. S2B(H6S) means that S2B
is protonated and is dissociated from Fe2, but remains bound to Fe6,
with the proton directed towards S1B. Likewise, S2B(H2F) means that
S2B is protonated and is dissociated from Fe6, but remains bound to
Fe2, with the proton directed towards Fel. The structures were studied
in the BS7-235 state, unless otherwise stated

AE (k] mol™)

Structure  H1 H2 TPSS 1’SCAN TPSSh  B3LYP
B33 S2B(3) Fe2/6(3) 0.0 410 14.5 55.0
B35 S2B(3) Fe2/6(5) 17.0 16.7 9.5 44.5
B53 S2B(5) Fe2/6(3) 44 46.0 20.6 63.9
B55 S2B(5) Fe2/6(5) 327  62.6 42.3 82.8
H6S S2B(H6S)  Fe2/6 13.3 0.0 0.0 0.0°
H2F S2B(H2F)  Fe2/6 753 79.6 70.8 97.4
N33 S2B(3) S5A(3) 264 54.6 24.5 27.0
N52 S2B(5) S5A(2) 457 771 45.8 44.5
T53 S2B(3) Fe5 19.0  24.9 16.0 26.8
c2? C2367 C3457 157.7  113.1 35.1 -88.5

“Studied in the BS7-346 state. ” Studied in the BS8-345 state.

\\
T53 c2
Fig. 3 The ten E; structures without N, bound. The positions of the

added H atoms are described in Table 2 and the labels are explained in
the text.

The relative stabilities of these structures are also shown in
Table 2. It can be seen that with the TPSS functional, the B33
structure (with H atoms on S2B and bridging Fe2/6; Fig. 3) is
most stable, 13 k] mol™ better than the half-dissociated H6S
structure (with H atoms in the same positions, but with S2B
dissociated from Fe2; Fig. 3). With the other three functionals,

This journal is © The Royal Society of Chemistry 2023
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the situation is opposite by 14-55 k] mol™" (in both cases,
some other structures are intermediate in energy). However,
with B3LYP, the structure with the central carbide ion doubly
protonated (C2; Fig. 3) is 88 k] mol™' more stable, whereas this
structure is disfavoured by 35-158 kJ mol™' with the other
functionals. Such structures are strongly distorted.

Next, we studied the binding of N, to the best of these
structures. The results are collected in Table 3. With the TPSS
functional, N, was found to bind to both Fe2 and Fe6 for all
types of structures. The most favourable structure has N,
bound to Fe6 and S2B bound to Fe2 but dissociated from Fe6
(Fig. 4). Such a structure naturally forms from the H2F struc-
ture, but it arose also from the B33 and B35 structures,
because S2B automatically dissociated from Fe6 during the
binding of N, (the three structures are isoenergetic within
0.5 k] mol™ and we describe the best, Fe6-B35, in the follow-
ing). It has a Fe6-N bond length of 1.81 A and a favourable
AEy, of —11 kJ mol™". The corresponding structure with N,
bound to Fe2 and S2B bound only to Fe6 is 7 kJ mol™" less
stable (H6S; again it arose also from B33 or B35 by spon-
taneous S2B dissociation from Fe2; Fig. 4). The Fe2-N bond
length is 1.85 A and AEy, is =5 KJ mol™". Structures with S2B
still bridging both Fe2 and Fe6 are 52-67 kJ mol™" less stable
when N, binds to Fe6 and 64-78 k] mol™" less stable when N,
binds to Fe2, in both cases following the order N33 < T53 <
N52. Structures with N, binding in the second sphere can be
found for all structures, except H6S and H2F, but they are
30-78 kJ mol™" less stable than the best bound N,-bound
structure. The activation energy for N, binding is rather small
for all structures, 5-46 k] mol™, and barrierless in three cases.

With the other three DFT functionals, N, does not bind to
Fe6 for the N33 and N52 structures, and it does not bind to
Fe2 for the T53 structure (very weakly for B3LYP with a Fe2-N
distance of 2.42 A). In fact, most B3LYP structures with N,
binding to Fe2 have very long Fe2-N distances, 2.28-2.53 A
(1.98-2.15 A, 2.01-2.02 A and 1.85-1.95 A for the corres-
ponding structures with TPSSh, r*SCAN and TPSS, respect-
ively). As with TPSS, S2B dissociates from the Fe ion binding
N, for the B33 and B35 structures, giving structures virtually
identical to those started from the half-dissociated H6S or H2F
structures. The same happens for N, binding to Fe6 in the T53
structure with all three functionals and for N, binding to Fe2
in the N33 and N52 structures with r’SCAN and TPSSh. With

- / \
35 g 45

Fe6-H2F Fe2-H6S Fe2-C2

Fig. 4 The best E; structures with N, bound, Fe6-H2F, Fe2-H6S and
Fe2-C2. The first two were optimised with TPSS, whereas Fe2-C2 was
optimised with B3LYP.
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the latter two functionals, the most favourable structure is Fe2-
H6S (which arises also from B33 and N35). This structure is 20
and 19 kJ mol™" more stable than the corresponding structure
with N, bound to Fe6 (Fe6-H2F/B33/B35; which was most
stable with TPSS), respectively. AEy, of the best structure is
unfavourable by 9-15 kJ mol™". Second-sphere N, binding is
found to both Fe2 and Fe6 for all structures except H6S and
H2F. The best is Fe6 + B35, but the corresponding Fe2 struc-
ture is only 2-4 k] mol™ less stable. They are 5-9 k] mol™" less
stable the best first-sphere N,-bound structure.

With B3LYP, the structure with N, binding to Fe2 in the C2
structure is by far most stable, 105 k] mol™" more stable than
the Fe2-H6S (or B33 or B35) structure (Fig. 4). However, the
AEy, binding energy is unfavourable by 22 kJ mol ™.

It is notable that for several structures, the direct N,
binding energy AEg, is favourable for all four methods, by up
to 76, 53, 56 and 10 k] mol™ for TPSS, r*SCAN, TPSSh and
B3LYP, respectively. However, this mainly reflects problems with
the definition of AEg, For r’SCAN and TPSSh, the strongly
favourable AEg;, energies comes from the B33 structure, which
reorganises to a H6S structure when N, binds (by dissociation of
S2B from one of the Fe ions). If we instead use the (restrained)
H6S structure as the reference, AE4, becomes much less favour-
able, —11 and —18 kJ mol™". For TPSS, favourable AEgy, are also
obtained for structures in which S2B is already half-dissociated,
for which no minimum with N, in the second coordination
sphere is found. The large difference between AEy, and AEy;, is
caused by the unfavourable energies of all structures with N, in
the second coordination sphere. In reality, the binding takes
place to the most stable E, structure without N, and forms the
most stable E,-N, structure (unless kinetic barriers are large).
Therefore, AEy, of the best E,-N, structure should be the most
relevant binding energy and we will not discuss AEg, for the
other E, states (it is still included in the tables).

View Article Online
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N, binding to the E; state

Next, we turn to the E; state. This state is less thoroughly
studied than the other states.>” However, the results from the
E, and E, states give some clues of possible protonation states
also for E;.'819:3%:3738:52,54.62°67 yy7e have optimised 16 different
structures without N,. The protonation states and the nomen-
clature are described in Table 4 and the structures are shown
in Fig. 5. Two types of structures were studied. One is based on
the suggestions by Hoffman and coworkers®® that E; has
protons on S2B and S5A, as well as two hydride ions bridging
Fe2/6 and Fe3/7. Each H atom can attain two conformations,
e.g. directed towards S3A or S5A for the one on S2B (but the
hydride ion on Fe3/7 was always on the S2B side of S5A). This
gives eight possibilities for E, and we studied six variants of
these with either the H atom on Fe3/7 or S5A is deleted for Es.
They are denoted in the same way as for E, below, i.e. with four
numbers showing the conformation of the H atoms on S2B,
Fe2/6, Fe3/7 and S5A in this order, using underscore to indicate
avacancy, e.g. 332_. Two variants of the 35_3 structure were also
studied with S2B dissociated from either Fe2 or Fe6, but still
binding to Fe6 (H6S) or to Fe2 (H2F; the final letter reflect the
direction of the proton on S2B, towards S or Fe). The second
type of structures is based on the suggestion by Bjornsson and
coworkers that two hydride ions may both bridge Fe2/6,
especially if S2B is protonated and has dissociated from either
Fe2 or Fe6.°> The names of these structures start with a “S” (the
hydride ions bind the same pair of Fe ions). Four such struc-
tures were studied, depending on the direction of the proton on
S2B (S2F, S2S, S6M and S6S, indicating that the proton points
towards Fe, S or Mo). In addition, a structure with the central
carbide ion triply protonated (C3) and three structures with
hydride ions terminally bound on one or two Fe ions were
studied (345, 335 and 355; explained in Table 4).%”

Table 4 The 16 structures studied for the Ez state without N,. AE is the relative energy for each DFT method (kJ mol™). The H1, H2 and H3
columns describe which atom is protonated and the direction of the proton in the same way as was described in the legend of Table 2. The struc-

tures were studied in the BS10-147 state, unless otherwise stated

AE (k] mol™)

Structure H1 H2 H3 TPSS ?SCAN TPSSh B3LYP
352_ S2B(3) Fe2/6(5) Fe3/7(2) 43.5 77.5 62.4 86.7
352 S2B(3) Fe2/6(5) S5A(2) 42.1 56.1 31.7 0.0
35_3 S2B(3) Fe2/6(5) S5A(3) 32.2 45.1 20.9 9.3
H2F S2B(H2F) Fe2/6 S5A(3) 101.1 109.3 81.8 70.4
H6S S2B(H6S) Fe2/6 S5A(3) 57.0 64.8 50.8 31.0
552_ S2B(5) Fe2/6(5) Fe3/7(2) 58.8 94.3 79.4 104.0
55_2 S2B(5) Fe2/6(5) S5A(2) 60.5 76.5 51.1 34.2
55_3 S2B(5) Fe2/6(5) S5A(3) 49.9 64.7 39.9 28.0
345 S2B(3) Fed Fe5 54.1 58.1 58.0 70.1
335 S2B(3) Fe2/6(3) Fe5 47.7 69.3 55.6 80.2
355 S2B(3) Fe2/6(5) Fe5 42.1 58.4 44.3 64.1
S2F S2B(H2F) Fe2/6 Fe2/6 45.3 66.9 51.8 84.7
S28 S2B(H,S) Fe2/6 Fe2/6 19.7 69.6 56.7 88.9
S6M S2B(H6M) Fe2/6 Fe2/6 1.3¢ 1.8 9.1 28.1
S6S S2B(H6S) Fe2/6 Fe2/6 0.0 0.0 0.0 16.7
C3 C2367 C2456 C3457 175.8 141.1 3.6" -177.9

“Studied in the BS-14 state. ? Studied in the BS10-136 state.

This journal is © The Royal Society of Chemistry 2023
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S6S Cc3

8§28 S6M

Fig. 5 The 16 Es structures without N, bound. The positions of the
added H atoms are described in Table 4 and the nomenclature is
explained in the text.

The relative stabilities of these structures are shown in
Table 4. It can be seen that with TPSS, r’SCAN and TPSSh, the
S6S structure is most stable, i.e. with two Fe2/6 hydride ions
and S2B protonated and binding only to Fe6 (Fig. 5). The S6M
structure with the proton on S2B pointing in a different direc-
tion is close in energy (1-9 k] mol™"). The third-best state is
35_3 (H atoms on S2B(3), Fe2/6(5) and S5A(3); Fig. 5), which is
32, 45 and 21 kJ mol™" less stable with the three functionals,
respectively. With B3LYP, instead the C3 structure is best (with
a triply protonated carbide ion; Fig. 5), 178 and 195 k] mol™
more stable than the 35_2 and S6S structures. The C3 structure
is only 4 kJ mol™" less stable than S6S with TPSSh, whereas it
is 176 and 141 kJ mol ™" less stable with TPSS and r*SCAN, con-
firming the previous observation®® that the stability of struc-
tures with the central carbide protonated depends strongly on
the amount of HF exchange in the functional. Interestingly, no
functional indicates that the half-dissociated variants of 35_3
(H2F and H6M) are more stable than non-dissociated variant.

For the most stable and interesting structures, we then
studied binding of N, (results in Table 5). All tested structures
gave stable N,-bound states at both Fe ions, except Fe6-35_2.
With r*SCAN, no 345 structure with N, bound to Fe2 or Fe6
was found. For the 355, 35_2, 35_3 and 352_ structures with
N, binding to Fe2, S2B dissociated from Fe2. With TPSS, the
most stable structure was S2S with N, bound to Fe6 (Fig. 6). It
gave a Fe-N bond length of 1.80 A. AEy, is favourable by 46 k]
mol™". The other three structures with two hydrides bridging
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Fe2/6 (S2F, S6M and S6S) are rather close in energy (14-23 kJ
mol ™" less stable), whereas the other structures are appreciably
worse (at least 66 k] mol™" less stable than Fe6-S2S).

With r*SCAN and TPSSh, instead the two S6M and S6S
structures with N, bound to Fe2 (Fig. 6) are most stable and
degenerate within 1 kJ mol™". They have Fe-N bond lengths of
1.84 A, but unfavourable AEN, =9 or 3K mol ™", respectively.
The Fe6-S2S structure is 21-30 kJ mol™* less stable and the
Fe2-35_3 structure (with S2B dissociated from Fe2; Fig. 6) is 28
(TPSSh) or 48 (r*SCAN) kJ mol ™" worse.

With B3LYP, the situation is similar: Fe2-35_3 and Fe6-S2S
are 9 and 27 kJ mol ™" less stable than Fe2-$6S, the latter with a
Fe-N bond length of 1.88 A. However, the C3 structures are by
far the most stable, by 180 and 164 kJ mol™" for N, bound to
Fe2 and Fe6, respectively (Fig. 6). For the latter two, AEy, is
unfavourable by 28-44 k] mol™".

Structures with N, in the second coordination sphere of the
Fe6 ion were found for most structures, but not for the C3
structure or for any of the structures with two Fe2/6 hydride
ions. With N, in the second coordination sphere of Fe2, only
three structures were found, 345, 355 and 35_2. These struc-
tures are much less stable than the N,-bound structures with
TPSS, r’SCAN and TPSSh (by at least 76, 39 and 26 kJ mol™).
However, with B3LYP, they are slightly more stable than the
corresponding N, bound structures (by up to 15 k] mol™), but
they are still much less stable than the N,-bound C3 structures
(for which no second-sphere structures are found; by 165 KkJ
mol™"). Activation barriers for the binding of N, from the
second coordination sphere are low, 4-35 k] mol™", and many
of the reactions are barrierless (cf. Table 5).

N, binding to the E, state

Finally, we studied also the E, state using 20 different struc-
tures, described in Table 6 and shown in Fig. 7. The naming of
the structures follows the same philosophy as for the E; struc-
tures and in analogy with these, we investigated mainly two
types of structures. The first is structures with protons on S2B
and S5A and two hydride ions bridging Fe2/6 and Fe3/7, as
suggested by Hoffman and coworkers.”* We studied eight such
structures with the H atoms pointing in different directions,*®
as is described in Table 6 and Fig. 7. The 5522 structure is the
one advocated by Hoffman and coworkers,> whereas the 3323
structure was lowest in energy in our previous study.®® We also
studied four variants of these with the protonated S2B group
dissociated from either Fe2 or Fe6 (H6 or H2). Second, we
studied six structures with two protons still on S2B and S5A,
but both hydride ions bridging Fe2/6 and with S2B dissociated
from either Fe2 or Fe6 (S2F, S2S, S6M, S6S, S6M2 and S6S2,
named the same way as for the E; structures, as is described in
Table 6 and shown in Fig. 7; the two structures with a final “2”
have the proton on S5A pointing towards S2B rather than
towards S3A). Finally, we studied one structure with a proton
on S2B and hydride ions on Fe5, Fe6 and bridging Fe2/6
(called 3H)*” and one structure with a proton on $2B and the
central carbide ion triply protonated (C3).>”

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 The best Ez structures with N, bound, Fe6-S2S, Fe2-S6M, Fe2-
35_3 and Fe2-C3. The first three structures were optimised with TPSS,
whereas Fe2—-C3 was optimised with B3LYP.

The relative stability of the various E, states without any N,
are shown in Table 6. The S6S structure (with two hydride ions
bridging Fe2/6 and the protonated S2B dissociated from Fe2;
Fig. 7) is most stable with TPSS, r’SCAN and TPSSh. However,
with TPSS, eight structures are within 15 kJ mol™'. Three of
these, S6M, 3323 and 3523 (Fig. 7), are within 25-29 and
11-18 k] mol™ of S6S for r*SCAN and TPSSh, respectively.
Changing the proton on S5A in the S6S structure so that it
points towards S2B instead of S3A decreases the stability by
9-13 kJ mol™". Likewise, dissociating S2B from either Fe2 or
Fe6 in the 3323 or 3523 structures also makes the structures
less stable. With B3LYP, instead the structure with a triply pro-
tonated carbide ion (C3; Fig. 7) is by far the best, 192 and
229 kJ mol™" more stable than 3523 and S6S, respectively.
With TPSSh, the C3 structure is only 1 k] mol™" less stable
than $6S, whereas it is 146-192 k] mol™" less stable than the
best structure for the other two functionals. Thus, the E, state
remains a challenge for computational methods in that several
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Dalton Transactions

structures are close in energy and the preferred structure
depends strongly on the DFT functional.

For the best structures, we studied the binding of N,. The
results are shown in Table 7. N,-bound structures were found
for all structures studied and both Fe ions, except Fe6-3323H2
and Fe6-5522 with B3LYP. For all four functionals, S2B dis-
sociates spontaneously from Fe2 when N, binds to this ion for
all structures with the Fe2/6 hydride on the S3A side (with
B3LYP also the 3322 and 3522 structures). In principle, such
half-dissociation of S2B should remove the dependency on the
conformations of the H atoms on S2B and Fe2/6. However, in
practice there are still distinct local minima for both H atoms
(for example, the hydride bridging Fe2/6 can still bend
towards S3A or towards S5A, although S2B is no longer in
between the two conformations), but the barriers between
them are most likely appreciably lower. S2B does not dissociate
spontaneously when N, binds to Fe6, but half-dissociated
structures with N, bound are typically lower in energy for the
cases we have tested.

With TPSS, the S2S structure with N, bound to Fe6 is most
stable (Fig. 8). It gives a Fe6-N distance of 1.79 A and a favour-
able AEy, binding energy of —51 kJ mol™". The S6S and 3523
structures with N, binding to Fe2 are 9 and 32 kJ mol™" less
stable, respectively (Fig. 8). With r’SCAN, instead Fe2-S6S is
most stable, with Fe-N = 1.79 A and AEy, = —44 K] mol ™. The
Fe6-S2S structure is 11 k] mol~" less stable. With TPSSh, the
same structures are also among the best ones and degenerate
within 0.2 kJ mol™". However, the Fe6-C3 structure (Fig. 8) is
actually 1 kJ mol™" more stable. It has Fe-N bond length of
1.83 A and AEy, =27 K] mol ™. With B3LYP, the Fe2-C3 struc-

Table 6 The 20 structures studied for the E, state without Ny. AE is the relative energy for each DFT method (kJ mol™). The H1, H2, H3 and H4
columns describe positions and directions of the four H atoms. The nomenclature is the same as in Table 2. The structures were studied in the

BS10-147 state, unless otherwise stated.

AE

H1 H2 H3 H4 TPSS r2SCAN TPSSh B3LYP
3H S2B(3) Fe2/6(3) Fe5 Fe6 40.3° 125.0 112.0 141.2
3322 S2B(3) Fe2/6(3) Fe3/7(2) S5A(2) 15.1 52.5 38.6 100.5
3323 S2B(3) Fe2/6(3) Fe3/7(2) S5A(3) 3.2¢ 27.4° 11.3° 41.5"
3323H2 S2B(H2F) Fe2/6(3) Fe3/7(2) S5A(3) 118.0% 79.3 102.6 202.9
3323H6 S2B(H6S) Fe2/6(3) Fe3/7(2) S5A(3) 39.0 43.5 49.2 121.6
3522 S2B(3) Fe2/6(5) Fe3/7(2) S5A(2) 24.0 76.2¢ 48.0¢ 74.7
3523 S2B(3) Fe2/6(5) Fe3/7(2) S5A(3) 14.0° 25.4 17.9° 0.0°
3523H2 S2B(H2F) Fe2/6(5) Fe3/7(2) S5A(3) 114.9 203.0
3523H6 S2B(H6S) Fe2/6(5) Fe3/7(2) S5A(3) 39.3 43.7 49.2 101.8
5322 S2B(5) Fe2/6(3) Fe3/7(2) S5A(2) 21.7¢ 59.0 48.1 113.9
5323 S2B(5) Fe2/6(3) Fe3/7(2) S5A(3) 11.1¢ 45.0 37.0 104.1
5522 S2B(5) Fe2/6(5) Fe3/7(2) S5A(2) 40.6° 59.0 51.3 113.8
5523 S2B(5) Fe2/6(5) Fe3/7(2) S5A(3) 29.7° 43.2 40.4 104.7
S2F S2B(H2F) Fe2/6(3) Fe2/6(5) S5A(3) 54.1 78.7 56.2 101.3
S28 S2B(H.,S) Fe2/6(3) Fe2/6(5) S5A(3) 54.8 76.4 56.4 108.2
S6M S2B(H6M) Fe2/6(3) Fe2/6(5) S5A(3) 0.6 28.5 18.1 65.5
S6S S2B(H6S) Fe2/6(3) Fe2/6(5) S5A(3) 0.0 0.0 0.0 37.0°
S6M2 S2B(H6M) Fe2/6(3) Fe2/6(5) S5A(2) 10.1 39.8 25.5 76.4
S6S2 S2B(H6S) Fe2/6(3) Fe2/6(5) S5A(2) 9.4 38.3 29.6 64.5
Cc3 S2B(3) C2367 C2456 C3457 191.7/ 145.9° 1.3/ -191.5/

“Studied in the BS-14 state.
state./ Studied in the BS2-234 state.

94 | Dalton Trans., 2023, 52, 9104-9120

b Studied in the BS10-135 state.  Studied in the BS7-346 state. ? Studied in the BS6-157 state.

¢ Studied in the BS8-347
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Fig. 7 The 20 E4 structures without N, bound. The positions of the
added H atoms are described in Table 6 and the nomenclature is
explained in the text.

ture is the most stable, 46 k] mol™" better than Fe6-C3 and
225 kJ mol™" better than Fe2-S68. It has a Fe-N bond length of
2.18 A and the AEy_ binding energy is —13 k] mol ™.

With TPSS, we could find structures with N, residing in the
second coordination sphere of Fe2 or Fe6 for all the Hoffman-
type and 3H structures, but not for the structures with S2B
half-dissociated or the C3 structures. With the other func-
tionals, the same applied for N, binding in the second sphere
of Fe6, but for Fe2, second-sphere structures were found only
for 3H, 5322 and 5323 (also 3322 and 3323 with r*SCAN and
TPSSh). The Fe6-3323 structure is the best for TPSS and TPSSh,
whereas Fe6-3523 is best with r’SCAN, and Fe6-3522 is best for
B3LYP. In all cases, the structures with N, in the second
sphere are appreciably less stable than those with N, binding
in the first sphere, by at least 59, 50, 51 and 274 k] mol™" for
TPSS, ’SCAN, TPSSh and B3LYP, respectively. Therefore, the
barriers for N, binding to Fe2 are all low, below 14 kJ mol™*
and often barrierless. For the binding to Fe6, the barriers are
higher, 15-39 k] mol™, but 79 kJ mol ™ for the 3H structure.

This journal is © The Royal Society of Chemistry 2023
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Discussion

The prime results in this investigation are the binding ener-
gies. Unfortunately, they depend on the DFT functional and on
how it is defined. We argue that it is most reasonable to use
the QM/MM energy of the best structure of the same E, state
and free N, in a water-like continuum solvent as the reference
(AEy,). For most functionals, this gives binding energies of the
most stable Ny-bound structures that become increasingly
negative (favourable) when going from E, to E, (employing
restraints to obtain a bound state if no such state is found): 34,
26, —11, —46 and —51 kJ mol™ for TPSS, 57, 41, 15, 9 and
—44 kJ mol™ for r*SCAN, 58, 50, 9, 3 and —27 kJ mol™* for
TPSSh, and 41, 74, 22, 28 and —6 k] mol™" for B3LYP (some-
what less regular). As mentioned in the Method section, it is
likely that the def2-SV(P) basis set give AEy, binding energies
that are ~14 kJ mol™" too negative (too favourable, cf.
Table S31), so we will in the following discussion add 14 kJ
mol™" to the AEy, energies.

As mentioned in the Introduction, Bjornsson and co-
workers report more favourable binding energies, based on
TPSSh calculations, —29 k] mol™" for E, (Fe6-H,S) and —43 or
—56 k] mol™ for E, (Fe2-H6 or Fe6-H2).>> The reason for this
is mainly that he uses another definition for the binding
energy (AEp, in eqn (4)). With this definition, we obtain AEyp,
= —43 kJ mol™ for E,-Fe6-H,S and —82 kJ mol™ for E,-Fe6-H,S
(because the H,S is not the best structure neither for E, nor
for E,). Likewise, Dance obtains more favourable binding
energies® than we do because he uses the AEy, definition in
eqn (3). Moreover, all his E, structures involve a bound H,
molecule, ie. a type of structures not included in our
investigation.

It should be noted that binding energies discussed so far
are pure (electronic) energies. To compare with experimental
results, we need to use free energies, i.e. to add enthalpic and
entropic corrections. In particular, N, loses translational and
rotational entropy upon binding. Unfortunately, there is no
consensus in the size of this entropic penalty. Bjornsson and
coworkers, as well as Siegbahn, use DFT frequency calculations
to estimate an entropic penalty of 41-45 kJ mol™".*>**®' On
the other hand, Dance argues that the relevant dissociated
state is N, at a diffusible position inside the protein, where it
has already lost most of its translational and rotational
entropy. Therefore, he suggests a much smaller entropic
penalty of ~17 kJ mol™.%®

With the entropy correction of Bjornsson and Siegbahn,
together with the basis-set correction, none of the DFT
methods give favourable N, binding for any of the E, states,
although for E4 with TPSS, AEy, is only slightly positive (~6 kJ
mol™"). With Dance’s entropy penalty (and the basis-set correc-
tion), TPSS suggests that N, cannot bind to Ey-E,, but that it
binds to E; and E4 in accordance with the experimental
data.">>?%73% B3LYP and TPSSh still give no favourable N,
binding to any E, state (although that to E, for TPSSh is only
slightly positive, by 4 k] mol™"). For r’SCAN, AEy, is favourable
to E4 (by 13 k] mol™") and unfavourable to the other states.

Dalton Trans., 2023, 52, 9104-9120 | 9115
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—66.7
—66.6
6.7
27.9
-21.0
—13.0

AEgy,

Ay,
315.6
282.8
271.7
365.4
286.0
260.3

—6.2

96.5
63.8
52.6
146.4
67.0
41
—225.3

AE

B3LYP
Fe-N
2.28"
3.25"
3.25%
91
1.86”
1.84°
2.18°

AEq,
0.1
—0.2
13.8
—46.5
—63.7
-29.9

AEy,
25.2
59.4
49.3
90.3
1
—25.4
—26.8

AE
52.0
86.2
76.1
117.1
89.9
34.9
1.4
0.0

TPSSh
Fe-N
1.81°
1.99
1.99
1.90
2.11°
1.81°
1.80°
1.83

AEgy,
-0.8
—-12.7
15.7
—57.8
-33.0

Ay,
47.3
82.7
60.7

112.2
23.4
-7.8
90.9

65.8
101.2
79.2
130.7
90.0
41.9
10.7
109.5

AE

r2SCAN
1.85%
1.81°
2.05”
1.92
2.03"
1.81°
1.79¢
1.847

AErs Fe-N
21.1
21.0
26.5
25.8
14.9

FeNrg

2.3

2.3

No barrier

2.2
2.2
2.4

AEg;,
0.0
3.3
3.0
—4.5
—4.4
—64.9
—80.7
5.6

Ay,
7.5
21.0
12.6
43.3
32.3
—-35.2
—50.9
163.1

AE
58.3
71.8
63.5
94.2
83.2
15.7

0.0

201.7

1.79
1.79¢
1.74°

TPSS
Fe-N
1

1
1.84
1

1

3523H2
5322
5323
5522
5523
S2F

2S
C3

“@Studied in the BS2-234 state. ” Studied in the BS10-147 state. ° Studied in the BS6-157 state. ¢ Studied in the BS10-135 state. ®Studied in the BS8-347 state. /Studied in the BS7-346 state.

¢Studied in the BS10-146 state. " Studied in the BS7-235 state.

Table 7 (Contd.)
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Fig. 8 The best E4 structures with N, bound, Fe6-S2S, Fe2-S6S, Fe2-
3523 and Fe2-C3. The first three structures were optimised with TPSS,
whereas Fe2—-C3 was optimised with B3LYP.

These results can be interpreted in several ways. One
interpretation is that TPSS is the only DFT method that gives
reasonable binding energies. This is the most direct interpret-
ation of the results, but it is weakened by the fact that TPSSh
and r’SCAN give better geometries of the FeMo cluster® and
that TPSS typically does not give the most accurate energies,
neither for main-group molecules,'®" nor for nitrogenase-type
reactions'®*'% (but for hydrogenase models, TPSS has been
shown to give more accurate results than B3LYP'**'%%).

As already discussed, there are different definitions of the
binding energy. AEy, has the advantage of using well-defined
states and the most stable structures for both the bound and
unbound states. However, it is sensitive to that we really find
the best possible structures, as well as spin and BS state of the
two structures, which is a formidable task. The direct binding
energy, AEg;, in eqn (3) is typically more favourable (negative)
than AEy,, mainly because it is not based on the most stable
structure for the unbound state. Unfortunately, owing to the
non-polar nature of N,, the unbound complexes are weak and
therefore rather poorly defined and quite often the binding is
barrierless, so that no unbound structure of the same type is
found. Then AEjy;, is undefined or has to be based on a struc-
ture with a restrained Fe-N distance. Our calculations are
based on the philosophy that the relevant states involved in
the reaction mechanism are those with the lowest energies
(less stable state should have minor populations under normal
conditions, unless they are strongly kinetically favoured).
However, if we consider the best bound state and use
restrained structures when no unbound state is found, we get
AEg, energies of 33, 24, —34, —74 and —81 kJ mol™" for TPSS,
61, 4, —7, —48 and —47 k] mol™* for r*SCAN, 56, 14, —13, —19
and —30 k] mol™' for TPSSh and 44, 74, 10, 0 and —13 kJ
mol ™" for B3LYP for the E,-E, states. Thus, with the basis-set
and entropy corrections, no state is bound for B3LYP and
TPSSh, E; and E, are bound with TPSS, whereas whether E, is
bound with TPSS, E; and E, are bound with r?SCAN depends
on the size of the entropy correction (i.e. bound with Dance’s
penalty, but not with that of Bjornsson or Siegbahn).

A third interpretation is that N, actually does not bind
directly to E, (or E3). In fact, it has been suggested that for-
mation of H, by reductive elimination is a necessary requisite
for the binding of N,.>*® In particular, H, should be formed
by a reaction between the two hydride ions in E, and it has
been suggested that thereby a reactive state of E, is formed

Dalton Trans., 2023, 52, 9104-9120 | 9N7



This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

Paper

with two protonated sulfide ions, i.e. a state in which the FeMo
cluster is formally two steps more reduced than the most
stable E, state with one proton and one hydride ion (if H on
sulfide is considered as a proton and H on Fe as a hydride ion,
the two states would formally be FellFel'H," and
FellFel"H"H™). However, Dance has argued that this is not sup-
ported by QM calculations, showing only minor differences
between H atoms on S or Fe**'% and calculations of redox
potentials support the latter view.'”” The results in Table 2
shows that the best structure with two protons on sulfide ions
(N33) is 11-55 k] mol™" less stable than the most stable E,
structures with the four DFT methods. Moreover, neither N33
nor the N25 structure shows any enhanced N, binding ener-
gies (Table 3), irrespectively if using the AEy, (40-67 kJ mol ™,
compared to —11 kJ mol™" for Fe6-B33, B35 and H2F with
TPSS) or the AEgy, definition (=6 to +11 kJ mol™", compared to
—29 to —76 k] mol™" Fe6-B33, B35 and H2F with TPSS; quali-
tatively similar results are obtained also with the other func-
tionals). In a future study, we will study the dissociation of H,
from the various E, states, whether N, may bind concomitantly
with the dissociation of H, from E, or if a bound H, molecule
may enhance the binding of N,.

A fourth possible interpretation of the poor binding with
hybrid DFT functionals has been given by Siegbahn, who has
suggested that the FeMo cluster needs to be reduced by four
more electrons before N, may bind favourably.®®®' This is an
interesting suggestion, but the need of such additional
reduction steps is not supported by experimental data.>*

Our results are quite similar to those found in other
studies. For example, the recent study by Pang and Bjornsson
reports N, binding energies (calculated with the r*SCAN func-
tional) of 69, 41, 8 and —17 kJ mol™" to the Eo, E;, E, and E,
states, respectively,”* which are similar to our results 57, 41, 15
and —44 kJ mol™". Our suggestions of the most stable states
with or without N, bound also reasonably agree, but we find a
smaller energy difference (still with the r*SCAN functional)
between the best H6S or S6S structures for the E, and E, states
without N, and alternative structures B35 (17 kJ mol™") or
3523/3323 (25-27 compared to 70-73 k] mol™") and also a pre-
ference for N, binding to Fe2 rather than Fe6. The differences
are understandable considering the differences in details of
the calculations and the many possible BS states and confor-
mations for the added protons.

Conclusions

In this work, we have studied the binding of N, to the E,-E,
states of Mo-nitrogenase with four different DFT methods.
This has given a number of interesting and useful results.

« We provide further information about the stability of
various structures of the E; and E, states. We show that S6M
and S6S states (with two hydride ions both bridging Fe2/6 and
with a protonated S2B ligand dissociated from Fe2) are the
best models for the E; state with the TPSS, TPSSh and r*SCAN
functionals, but with B3LYP a triply deprotonated carbide ion
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is much more stable (and this state is only 4 k] mol™" less
stable than the best by TPSSh). For the E, state, the situation is
slightly more complicated. Because several structures have
comparable energies: With the TPSS, TPSSh and r*SCAN func-
tionals, the S6S structure is most stable, but the 3323 and 3523
structures are within 3-27 k] mol™. The C3 structure is best
for B3LYP and degenerate with S6S for TPSSh.

« Binding of N, is observed for the E,-E, states. It binds
end-on in the exo position (i.e. trans to the central carbide) to
either Fe2 or Fe6. Typical Fe-N bond lengths are 1.80-1.98 A.

« Half-dissociation of S2B enhances the binding of N,,
especially to Fe2. As observed before for the E, state,* the pre-
ference for half-dissociation is lower with the TPSS functional,
than with the other functionals.

« TPSS consistently favours binding of N, to Fe6, whereas
the other three functionals mostly prefer binding to Fe2.

+ The binding free energy depends on the DFT functional,
the entropy correction and on how the binding is defined.
With the large entropy correction of Bjornsson and Siegbahn
(41-45 kJ mol™), no functional gives favourable binding to any
E, state. Using the QM/MM energy of the best structure of the
same E, state and free N, in a water-like continuum solvent as
the reference (AEy,) and Dance’s lower entropy penalty (17 kJ
mol ™), TPSS gives favourable binding to the E; and E, states
and r*SCAN only to E,. B3LYP and TPSSh still give no favour-
able N, binding to any E, state.

Thus, our results show that computational results for the
N, binding to the FeMo cluster strongly depends on the DFT
method employed, with hybrid functionals giving a weaker
binding, favouring binding to Fe2 and protonation of the
central carbide. However, it is likely that structures with the
S2B ligand dissociated from either Fe2 or Fe6, as well as struc-
tures with two hydride ions both bridging Fe2 and Fe6 are
involved in the reaction mechanism. On the other hand, we
find no support to the suggestion that reductive elimination of
the two hydride ions in E, would enhance the binding of N,.
Clearly, further studies of the dissociation of H, from the
FeMo cluster and how it affects the binding of N, are needed.
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V. Thermodynamically Favourable States in the Reaction of

4 Nitrogenase without Dissociation of any Sulfide Ligand

Hao Jiang™ and UIf Ryde*™

Abstract: We have used combined quantum mechanical and
molecular mechanical (QM/MM) calculations to study the
reaction mechanism of nitrogenase, assuming that none of
the sulfide ligands dissociates. To avoid the problem that
there is no consensus regarding the structure and protona-
tion of the E, state, we start from a state where N, is bound
to the cluster and is protonated to N,H,, after dissociation of
H,. We show that the reaction follows an alternating
mechanism with HNNH (possibly protonated to HNNH,) and
H,NNH, as intermediates and the two NH; products dissociate
at the E, and Eg levels. For all intermediates, coordination to

Fe6 is preferred, but for the E, and Eg intermediates, binding
to Fe2 is competitive. For the E,, Es and E, intermediates we
find that the substrate may abstract a proton from the
hydroxy group of the homocitrate ligand of the FeMo cluster,
thereby forming HNNH,, H,NNH, and NHj; intermediates. This
may explain why homocitrate is a mandatory component of
nitrogenase. All steps in the suggested reaction mechanism
are thermodynamically favourable compared to protonation
of the nearby His-195 group and in all cases, protonation of
the NE2 atom of the latter group is preferred.

/

Introduction

Nitrogen is an essential element of all lifeforms, being a
component of all amino acids and nucleic acids. Although the
atmosphere of Earth contains 78% of N, nitrogen is still a
limiting element for plant growth and a prominent component
of fertilizers. The reason for this is the strong triple bond in N,,
which makes it chemically inert."? Industrially, N, is converted
to ammonia through the Haber-Bosch process, which requires
high temperature and pressure” Only a single group of
enzymes can cleave the N-N bond in N,, the nitrogenases (EC
1.18/19.6.1), which work at ambient temperature and
pressure."*4

Crystallographic studies have shown that the most active
type of nitrogenase contains a MoFe,S,C(homocitrate) cluster
(the FeMo cluster) in the active site, connected to the protein
by a histidine and a cysteine residue at the opposite ends of
the cluster (Figure 1).° There also exist alternative nitro-
genases with the Mo ion replaced with either vanadium or iron,
which have lower activities towards N,."”

[a] H.Jiang, U. Ryde
Department of Theoretical Chemistry
Lund University
Chemical Centre, P. O. Box 124, 221 00 Lund (Sweden)
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The nitrogenases catalyse the reaction

N, +8e +8H" +16 ATP — 2NH,

+H, + 16 ADP + 16 P, M

The mechanism is normally discussed in terms of nine
intermediates E,-Eg, differing in the number of added electrons
and protons, according to the Lowe-Thorneley scheme."”
Thorough biochemical, kinetic and spectroscopic studies have
indicated that the resting E, state needs to be reduced to the E,
state before N, may bind."**'*'! |t has also been suggested
that H, formation through reductive elimination is a prereg-
uisite for the binding of N,, explaining why H, is a compulsory
byproduct in the reaction. It is normally assumed that N, is
directly reduced and protonated to N,H, upon binding to the
enzyme.["'®

It has long been debated whether the nitrogenases follow a
sequential or alternating reaction mechanism. In the sequential
mechanism, the first three protons bind to the same N atom of
N,, which then dissociates as NH; from the E; intermediate,
before the second N atom starts to be protonated. This
mechanism was originally suggested by Chatt and has gained
support from inorganic model complexes.? In the alternat-
ing mechanism, the protons are instead added alternatively to
the two N atoms, so that HNNH and H,NNH, (hydrazine) are
intermediates and the first NH; product does not dissociate
until the E, state. It is supported by the fact that nitrogenase
can use hydrazine as a substrate and that hydrazine is released
upon acid or base hydrolysis of the enzyme during
turnover.*#*? Moreover, it has been shown that N, N,H,,
CH;NH, and N,H, all react via a common intermediate."?

The nitrogenases have been thoroughly studied also by
computational methods."'*¥%22 -4 ynfortunately, these stud-
ies have given very diverging and disparate suggestions. In fact,
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Figure 1. Structure of the FeMo cluster (with trans-HNNH bound to Fe6), illustrating also the QM system used in all calculations, as well as the names of the

nearby residues (a). (b) shows only the FeMo cluster with atom names indicated.

there is not even any consensus about the structure of the key
E, intermediate. Important reasons for this are that different
density-functional theory (DFT) methods give very different
predictions of the relative stability of various intermediates,
with differences of 600 kJ/mol®’ and that there are very many

Chem. Eur. J. 2022, 28, €202103933 (2 of 18)

possibilities for the structures and electronic states of the
intermediates.**!

Hoffman and coworkers have suggested a structure of the
E, intermediate with two hydride ions bridging the Fe2 and Fe6
ions, as well as the Fe3 and Fe7 ions, and with two protons on
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the S2B and the S5A sulfides, all positioned on the same face of
the FeMo cluster**® (the name of the various Fe and sulfide
jons are shown in Figure 1b). They have shown that this
structure is lower in energy than a few other structures and that
it may bind N, after reductive elimination of the two hydride
ions, leaving the cluster in a doubly reduced state."**"474%!

On the other hand, Siegbahn has suggested that the FeMo
cluster needs to be reduced by four electrons from the resting
state before the true E, state is reached, which involves a triply
protonated central carbide and a strongly distorted cluster.”
Then, this state is reduced by another four electrons to reach
the E, state, from which H, dissociates and N, binds, bridging
two Fe ions. It is successively protonated in a manner that is a
mixture of the alternating and sequential mechanism, involving
NNH,, HNNH,, H,NNH,, but also HNNH,. The first NH, dissociates
at the E, level.

Dance has presented a mechanism in which E, contains two
terminal hydride ions on Fe2 and Fe6, and two protons on S2B
and S3B. N, then binds side-on to Fe6, without any dissociation
of H, and is alternatively protonated to H,NNH,, at which level
the N-N bond is cleaved, forming two NH, fragments on Fe2
and Fe6.[27'50'5ﬂ

On the other hand, Nerskov and coworkers have suggested
a mechanism in which the E, state is doubly protonated and a
sulfide ligand dissociates from the cluster during the reaction
mechanism.”” This forms a binding site, where N, binds in an
end-on fashion, bridging two Fe ions and it is then sequentially
protonated on the outer N atom. The dissociation of the sulfide
ion was inspired by several crystallographic studies of both Mo
and V nitrogenase, showing that the S2B group can be replaced
by several other ligands, for example CO, OH™ and Se.****¢!

Recently, we studied a similar mechanism, involving dissoci-
ation of S2B.*” We used a larger and more realistic model
system, which was studied with the combined quantum
mechanical and molecular mechanics (QM/MM) approach. Our
study indicated that the conversion of N,H, to two NH;
molecules is thermodynamically favourable, but it follows a
mainly alternating pathway (although the first intermediate
involved a bridging NNH, group, which is normally connected
to a sequential mechanism).

Naturally, such studies do not prove that the nitrogenase
mechanism actually involves a dissociated S2B group. To that
end, it must be shown that the replacement of S2B by N, is
energetically favourable, which has been questioned by
Dance.®® Moreover, it should be shown that a reaction without
replacement of S2B is not possible or at least is less favourable.
Here, we make an investigation of the latter reactions, that is,
the formation of ammonia from bound N, for Mo nitrogenase
without dissociation of S2B. We show that also such a reaction
is possible and thermodynamic favourable, following an
alternating mechanism.

Chem. Eur. J. 2022, 28, 202103933 (3 of 18)

Methods
The protein

The calculations were based on the 1.0-A crystal structure of Mo
nitrogenase from Azotobacter vinelandii (PDB code 3U7Q).” The
setup of the protein is identical to that of our previous
studies.****" The entire heterotetramer was considered in the
calculations, because the various subunits are entangled with-
out any natural way to separate them. The quantum mechanical
(QM) calculations were concentrated on the FeMo clusters in
the C subunit because there is a buried imidazole molecule
from the solvent rather close to the active site (~11 A) in the A
subunit. The two P-clusters and the FeMo cluster in subunit A
were modelled by MM in the fully reduced and resting states,
respectively, using a QM charge model.*”

The protonation states of all residues were the same as
before:*” All Arg, Lys, Asp and Glu residues were assumed to be
charged, except Glu-153, 440 and 231D (a letter “D” after the
residue number indicates that it belongs to that subunit; if no
letter is given, it belongs to subunit C; subunits A and B are
identical to the C and D residues). Cys residues coordinating to
Fe ions were assumed to be deprotonated. His-274, 451, 297D,
359D and 519D were assumed to be protonated on the ND1
atom, His-31, 196, 285, 383, 90D, 185D, 363D and 457D were
presumed to be protonated on both the ND1 and NE2 atoms
(and therefore positively charged), whereas the remaining 14
His residues were modelled with a proton on the NE2 atom.
The homocitrate ligand was modelled in the singly protonated
state with a proton shared between the hydroxy group (which
coordinates to Mo) and the O1 carboxylate atom. This
protonation state was found to be the most stable one in an
extensive QM/MM, molecular dynamics and quantum-refine-
ment study®® and this protonation state is also supported by
another QM/MM study.®?

The protein was solvated in a sphere with a radius of 65 A
around the geometrical centre of the protein. 160 ClI~ and 182
Na* ions were added at random positions (but not inside the
protein®”) to neutralise the protein and give an ionic strength
of 0.2 M. The final system contained 133 915 atoms. The
added protons, counter ions and water molecules were
optimised by a simulated annealing calculation (up to 370 K),
followed by a minimisation, keeping the other atoms fixed at
the crystal-structure positions.””

All MM calculations were performed with the Amber
software.®™ For the protein, we used the Amber ff14SB force
field®” and water molecules were described by the TIP3P
model.®® For the metal sites, the MM parameters were the
same as in our previous investigation.”” The metal sites'***”
were treated by a non-bonded model®” and charges were
obtained with the restrained electrostatic potential method,
obtained at the TPSS/def2-SV(P) level of theory®®* and
sampled with the Merz-Kollman scheme.””

The FeMo cluster was modelled by MoFe,S,C-
(homocitrate)(CH,S) (imidazole), where the two last groups are
models of Cys-275 and His-442. In addition, all groups that form
hydrogen bonds to the FeMo cluster were also included in the
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QM model, viz. Arg-96, GIn-191 and His-195 (sidechains), Ser-
278 and Arg-359 (both backbone and sidechain, including the
Ca and C and O atoms from Arg-277), Gly-356, Gly-357 and
Leu-358 (backbone, including the Ca. and C and O atoms from
lle-355), as well as two water molecules. Finally, Phe-381 and
Val-70 were also included because they are close to the putative
N, binding site and therefore may affect the binding of the
substrate. The QM system involved 183-190 atoms in total
(depending on the number of added protons and N atoms) and
is shown in Figure 1a. The net charge of QM region was —3.

QM calculations

All QM calculations were performed with the Turbomole
software (version 7.5).7" All structures were studied with both
the TPSS®¥ and B3LYP">" functionals with def2-SV(P) basis
set® The most stable states were examined also with the
larger def2-TZVPD basis set. The calculations were sped up by
expanding the Coulomb interactions in an auxiliary basis set,
the resolution-of-identity (RI) approximation.”*’® Empirical dis-
persion corrections were included with the DFT-D4 approach,””
as implemented in Turbomole. All minima were fully optimized
without any restraints. Transition states (for N-N cleavage and
NH, dissociation) were determined as the highest point on the
potential energy surface along the reaction coordinates, which
were scanned with a step of 0.1 A near the transition states.

Experiments have shown that the ground spin state of E, is
a doublet,"”® and we used this state for E, models. For the
other E, states, we used mainly the doublet or triplet states, but
for the most interesting structures, we checked which of the
two or three lowest spin states has the most favourable energy
at the TPSS and B3LYP/def2-SV(P) levels of theory.

The electronic structure of all QM calculations was obtained
with the broken-symmetry (BS) approach:”? Each of the seven
Fe ions were modelled in the high-spin state, with either a
surplus of a (four Fe ions) or f (three Fe ions) spin. Such a state

can be selected in 35 different ways (3‘ z 4!).[5‘” The various BS

states were obtained either by swapping the coordinates of the
Fe ions®™ or with the fragment approach by Szlagyi and
Winslow.®" The various BS states are named by listing the
number in the Noodleman nomenclature (BS1—10),” followed
by the numbers of the three Fe ions with minority spin
(however, in the tables, only the latter three numbers are
given). Most structures were studied in the BS10-147 state, i.e.
with (3 spin on Fel, Fe4 and Fe7, because it was found to be
lowest in both this and in our previous study.”” However,
sometimes the calculations converged to other states (espe-
cially BS7-235). For twelve of the most stable structures, the
relative stabilities of all 35 states were examined (with
structures fully optimised for each BS state). Moreover, for all
structures within 20 kJ/mol of the most stable structure at each
E, level, the BS7-235 state was also studied.

As have been discussed before, > TPSS/def2-SV(P) calcu-
lations give geometries that reproduce the crystal structure of
the resting state of nitrogenase excellently with average and

81]
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maximum deviations of 0.05 and 0.09 A for the metal-metal
distances, and 0.02 and 0.06 A for metal—ligand distances, and
a root-mean-squared-deviation (RMSD) of 0.06 A for the metals
and the first-sphere ligands. This is similar to the results
obtained with the TPSSh® approach and appreciably better
than with the B3LYP/def2-SV(P) method, which gives average
and maximum deviations of 0.08 and 0.12 A for the metal-
metal and 0.04 and 0.11 A metal-ligand distances, respectively
and a RMSD of 0.08 A. Therefore, we discuss primarily the TPSS/
def2-SV(P) results.

QM/MM calculations

QM/MM calculations were performed with the ComQum
software.®>®¥ In this approach, the protein and solvent are split
into three subsystems: System 1 (the QM region) was relaxed by
QM methods. System 2 contained all residues and water
molecules with at least one atom within 6 A of any atom in
system 1 and it was optionally relaxed by MM. It included
residues 49, 59-74, 92, 95-98, 189-199, 226-231, 234, 235, 253-
255, 273-282, 300, 353-355, 358-364, 377-383, 385, 386, 401
422-427, 438, 440-444, 450 and 451 from subunit C and
residues 93, 97, 98, 101 and 105 from subunit D, in total 94
residues and 39 water molecules). Finally, system 3 contained
the remaining part of the protein and the solvent, and it was
kept fixed at the original coordinates (equilibrated crystal
structure to avoid the risk that different calculations end up in
different local minima). The total system was spherical and non-
periodic with 133 915 atoms. Most calculations were performed
without relaxing system 2, but for the most interesting
structures, calculations with relaxed surroundings were also
performed. The effect of the relaxed surroundings are described
in the Supporting Information.

In the QM calculations, system 1 was represented by a
wavefunction, whereas all the other atoms were represented by
an array of partial point charges, one for each atom, taken from
the MM setup. Thereby, the polarisation of the QM system by
the surroundings is included in a self-consistent manner
(electrostatic embedding). When there is a bond between
systems 1 and 2 (a junction), the hydrogen link-atom approach
was employed: The QM system was capped with hydrogen
atoms (hydrogen link atoms, HL), the positions of which are
linearly related to the corresponding carbon atoms (carbon link
atoms, CL) in the full system.®2%¥ All atoms were included in the
point-charge model, except the CL atoms.”"!

The total QW/MM energy in ComQum is calculated as®®***

EQM/’MM = Egknwptchzs + Eflhmz&:;, -0~ E;lLMLq,:o (2)
in which Eqy, s is the QM energy of the QM system

truncated by HL atoms and embedded in the set of point
charges modelling systems 2 and 3 (but excluding the self-
energy of the point charges). Emmzo is the MM energy of the
QM system, still truncated by HL atoms, but without any
electrostatic interactions. Finally, Eg.,.. , is the classical
energy of all atoms in the system with CL atoms and with the
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charges of the QM region set to zero (to avoid double-counting
of the electrostatic interactions). Thus, ComQum employs a
subtractive scheme with van der Waals link-atom corrections.®
No cut-off is used for any of the interactions in the three energy
terms in Equation (3).

The geometry optimisations were continued until the
energy change between two iterations was less than 2.6 J/mol
(10°a.u) and the maximum norm of the Cartesian gradients
was below 107 a.u.

QM/MM calculations give comparable energies only if they
contain exactly the same number of electrons and atoms of
each element in both the QM and MM systems. Therefore, we
compare only structures within the same E, level. On the other
hand, it means that we can study proton transfers within the
QM system, for example from the homocitrate ligand or from
His-195 to the substrate. For each transition from E, to E, | ;, an
electron and a proton is added to the QM system, and we
compare the energies of structures with this proton in different
positions.

Result and Discussion

In this investigation, we study the later part of the reaction
mechanism of nitrogenase, assuming that the S2B ligand does
not dissociate. We describe in separate sections states at
different oxidation levels, from E, to Eg.

N,-bound E, structures

We start with the N,-bound E, state. As in our previous study of
the reaction mechanism with a dissociated S2B ligand,”” we
avoid the problem there is no consensus regarding the
protonation of the E, state®??%4359187-8] by ctarting from a state
where N, has already bound to the cluster and is protonated to
N,H,. The immediate protonation of the substrate upon binding
is normally assumed,"'® although it has not been experimen-
tally observed. Mutations and other studies have shown that
the substrate most likely bind either the Fe2 or Fe6 ions of the
FeMo cluster™®®" and this is also supported by a systematic
scan of all possible N,H, binding positions.*” Therefore, we look
for the best structure with N,H, bound to either Fe2 or Fe6, or

In-191
His-195

>ﬁcys§5

to both. In the latter case, the substrate may bind on two
different sides of the bridging S2B ligand and we call these
structures Fe2/6(3) and Fe2/6(5), depending on whether it is on
the same side as S3A or S5A. Likewise, when N,H, binds only to
Fe2, the non-bonding N atom point either to the S3A or S5A
sides of the cluster, which will be called Fe2(3) or Fe2(5) (and
similar for binding to Fe6). We have considered three isomers of
N,H,, viz. NNH,, cis-HNNH or trans-HNNH (the latter two are
abbreviated cHNNH or tHNNH in the following). Moreover, we
have tested three protonation states of His-195: with protons
on either ND1 (HID) or NE2 (HIE) or on both (HIP; but this adds
an extra proton to the system and was therefore studied for the
next higher E, level). The results are collected in Table 1 and are
shown Figure S1.

It can be seen that in nearly all structures, the HIE
protonation state was more favourable than HID protonation by
21-132 kJ/mol. The only exception was the Fe2/6(3)-cHNNH
state with B3LYP. All structures were studied in the BS10-147
state, but sometimes it shifted to the BS7-235 state (the spin on
Fe6 is often small and may change sign; the latter state was
also studied for all low-energy structures). However, BS10-147
was always 9-37 kJ/mol lower in energy than BS7-235 when
both states were found, except for the Fe6-cHNNH(3) state, for
which BS7-235 was 1 kJ/mol more stable at both the TPSS and
B3LYP levels).

The most favourable structure has trans-HNNH end-on
bound to Fe6 (Figure 2a). The Fe6-N distance is 1.91 A and the
N-N bond length is 1.26 A, which is slightly longer than in
isolated trans-HNNH, optimised with the same level of theory,
1.25 A. The Mulliken spin populations are (in absolute terms)
3.2-2.7 e on the seven Fe ions, except Fe6, which has only 1.6 e
(cf. TableS1 in the Supporting Information). Mo has a
population of —0.3 e. This structure is stabilised by a hydrogen
bond from the HN group bound to Fe6 to the alcohol O7 atom
of homocitrate (which coordinates to Mo), with a H--O distance
of 1.95A (cf. Figure 2a). The other N atom of the substrate
receives a hydrogen bond from the HE1 atom of GIn-191 (the
HE1--N distance is 2.17 A) and the other H atom of the substrate
is directed towards S2B, with a H--S distance of 2.29 A, but the
N-H--S angle is only 124°. S2B receives another hydrogen bond
from the HE2 atom of His-195 (2.13 A, with a more ideal
geometry). The corresponding structure in the quartet state is
30 kJ/mol less stable with the TPSS functional, but 7 kJ/mol

Figure 2. The best E, structures: (a) Fe6-tHNNH, (b) Fe6-HNNH, and (c) Fe2-tHNNH(3), all with the HIE state of His-195.
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Table 1. Energies (in kJ/mol), N-N and Fe—N distances (in A) of the various structures of the E, states. All states were studied in the S:‘/Z state unless
otherwise stated. His is the protonation state of His-195. The BS state is identified by the Fe ions with minority spin (e.g. 147 =BS10-147). Up to four
different energies are listed: TPSS-D4/def2-SV(P) (TP), B3LYP-D4/def2-SV(P) (B3), TPSS-D4/def2-TZVPD (TZ), all based on TPSS-D4/def2-SV(P) structures
obtained with fixed surroundings, as well as TPSS-D4/def2-SV(P) with relaxed surroundings (RIx). When multiple Fe—N distances are given, Fe2 comes before
Fe6.
Structure His BS TP B3 TZ RIx N-N Fe-N
Fe2-cHNNH(3) HID 147 139 126 1.26 1.92
HIE 147 35 21 55 28 1.26 1.92
Fe2-cHNNH(5) HIE 147 91 75 1.25 1.92
235 124 97 1.25 1.98
Fe6-cHNNH(3) HID 147 182 186 1.26 1.91
HIE 147 55 54 1.25 1.91
235 54 52 1.26 1.86
Fe6-cHNNH(5) HID 147 133 125 1.25 1.95
HIE 147 48 37 58 78 126 1.92
Fe2/6-cHNNH(3) HID 147 227 222 1.31 1.88,1.90
HIE 147 206 239 1.38 1.97,1.90
Fe2/6-cHNNH(5) HID 147 220 229 1.30 1.92,1.88
HIE 147 161 199 135 1.98,1.89
Fe2/6-cHNNH® HIE 147 204 237 1.36 1.91,1.88,2.05
Fe2/6-cHNNH" HIE 147 152 139 136 1.94,1.93,1.95
Fe2-tHNNH(3) HID 147 108 94 1.26 1.94
HIE 147 20 5 22 34 125 1.95
235 51 30 1.25 201
Fe2-tHNNH(5) HID 147 176 94 1.25 1.95
HIE 147 61 48 1.25 1.93
Fe6-tHNNH HID 147 86 86 1.26 1.91
HIE 147 0 0 0 0 126 191
235 10 10 1.26 1.87
5=3/2 147 30 -7 1.26 1.94
Fe2-NNH,(3) HID 147 194 192 127 1.83
HIE 147 66 42 1.26 1.89
Fe2-NNH,(5) HID 147 222 21 1.25 191
HIE 147 99 82 1.25 1.89
235 129 119 1.25 1.91
Fe2/6-NNH,(3) HID 235 244 275 132 1.83,1.77
HIE 235 13 166 1.38 1.82,1.79
Fe2/6-NNH,(5)"” HID 147 255 217 1.30 1.85,1.80
HIE 147 108 195 136 1.80,1.77
Fe6-HNNH, HID 147 87 75 1.29 1.85
HIE 147 4 -6 4 3 129 1.85
235 18 3 1.29 1.84
[a] S2B has dissociated from Fe6; One atom of N, bridges Fe2/6, the other binds to Fe6. [b] S2B has dissociated from Fe2; One atom of N, bridges Fe2/6, the
other binds to Fe2. [c] S2B has dissociated from Fe6.

more stable with the B3LYP. A full investigation of all 35 BS
states, collected in Table S2, shows that the BS10-147 state is
indeed the most stable BS state, 10-67 kJ/mol more stable than
the other BS states (BS7-235 second lowest).

A structure with NNH, bound end-on to Fe6 is only 4 kJ/mol
less stable with TPSS (also with the larger def2-TZVPD basis set
and 3 kJ/mol with relaxed surroundings) and it is actually 6 kJ/
mol more stable with B3LYP. In this structure, the substrate has
abstracted the alcohol proton from homocitrate, giving HNNH,
(Figure 2b). It has a Fe6-N distance of 1.85 A and a N-N bond
length of 1.29 A (1.21 A in neutral NNH, and 1.23 A in HNNH,*
optimised with the same method). It is stabilised by hydrogen
bonds from the Fe6-bound NH group to the alcohol O7 atom of
homocitrate (H--07=1.72 A), from the NH, to one of the
carboxylic groups of homocitrate (H--O1=1.67 A) and from the
other atom of NH, group to S2B (H--S2B=2.31 A; Figure 2b).
The S2B atom also receives a hydrogen bond from His-195
(HE2--52B=2.12 A) and the O1 atom of homocitrate receives
another hydrogen bond from GIn-191 (HE1--01=1.93 A). This
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structure has also a low spin population on Fe6 (1.8 e). Again, a
full investigation of all 35 BS states showed that BS10-147 is the
most favourable BS (Table S2), although it is only 4 kJ/mol more
stable than BS10-135 (14 kJ/mol more stable than BS7-235).

A structure with trans-HNNH binding to Fe2, directed to the
S3A side (Figure 2c), is 20 kJ/mol less stable than Fe6-tHNNH
structure (22 kJ/mol with the larger basis set, 34 kJ/mol with
relaxed surroundings and 5 kJ/mol with B3LYP). The Fe2-N
distance is 1.95 A and the N—N bond length is 1.25 A. The two
H atoms of the substrate point towards S$2B (H--S2B=2.72 A)
and S1A (H-S1A=2.19 A), but the N-H--S angles are far from
straight (83° and 131°, respectively). The Fe spin population on
Fe2 (2.1 e) is only slightly less than on the other Fe ions (3.2-2.4
e in absolute terms). A full investigation of all 35 BS (Table S2)
shows that BS10-147 indeed is the most stable state. The
structure with the substrate directed to the S5A side is 41 kJ/
mol less stable.

Other structures studied are appreciably less stable. Struc-
tures with cis-HNNH bound side-on to Fe2 and Fe6 are 161-
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239 kJ/mol less stable than Fe6-tHNNH, structures with cis-
HNNH bound end-on to either Fe2 or Fe6 are 35-182 kJ/mol
less stable and structures with NNH, bound to Fe2 are 66—
255 kJ/mol less stable.

We also considered structures with S2B dissociated from
either Fe2 or Fe6 (but still bound to the other ion), because
such structures have been suggested to be competitive by
other authors.”*****8 However, with our methods, such
structures were always high in energy, by 108-255 kJ/mol for
structures with NNH, bridging Fe2 and Fe6 with the terminal N
atom and by 152-204 kJ/mol for structures with cis-HNNH
bridging Fe2 and Fe6.

The present results are somewhat different from those
obtained in our previous study of the binding of N,H, to the
FeMo cluster.” In that study, we found that the structure with
trans-HNNH bound to Fe2 was 10 kJ/mol more stable than the
Fe6-tHNNH state and 9 kJ/mol more stable than the Fe6-HNNH,
state (19 and 3 kJ/mol with the larger def2-TZVPD basis set).
The difference is most likely connected to the larger QM system
used in the present study (models of Val-70, GIn-191 and Phe-
381, all situated around the binding site, were not included in
the previous study). The present results should be more
reliable.

The results also differ from those obtained with a
dissociated S2B ligand (and a rotated conformation of GIn-
191),%” for which a structure with NNH, bridging Fe2 and Fe6
was found to be most favourable. Such structures were at least
108 kJ/mol less stable than Fe6-tHNNH in this study and led to
half-dissociation of S2B. Clearly, the active site with a bridging
S2B group is so crowded that it disfavours structures with N,H,
simultaneously bridging Fe2 and Fe6.

Bjornsson and coworkers studied structures with trans-
HNNH bound to the FeMo cluster in the E, state.” They also
found that binding to Fe6 was more favourable than to Fe2, in
agreement with our results, but the difference was larger, 69 kJ/
mol. In their models, S5A was protonated and one of the
protons on HNNH was abstracted from homocitrate.

E; structures

Next, we added an electron and a proton to the FeMo cluster
(i.e. to the QM system) to obtain structures at the E; level. They
were studied in the triplet state with BS10-147. The structures
are described in Table 2 and the best are shown in Figures 3
and S2. As for the E, structures, HIE structures were always
more stable than the corresponding HID structures, by 16-
173 kJ/mol.

The most favourable state has H,NNH, (hydrazine) bound to
Fe6, where the extra proton is abstracted from the hydroxy
group of homocitrate (Figure 3a). The Fe6-N distance is 2.09 A
and the N-N bond length is 1.43 A, which is the same as for
isolated hydrazine, optimised at the same level of theory. The
non-coordinating NH, group is directed to the S3A side of the
cluster. The two H atoms of the Fe-bound NH, group forms
hydrogen bonds to 07 of homocitrate (H--O7=1.94 A) and S3B
(H--53B=2.73 A). The other two H atoms of hydrazine point
towards O1 of homocitrate (H--01=2.66 A) and S2B (H--S2B=
234 A). The spin density on Fe6 is 2.1 e (Table S3). The singlet
state was 16 kJ/mol more stable than the triplet state with
TPSS, but 38 kJ/mol less stable with B3LYP. The quintet was 4—
33 kJ/mol less stable than the triplet. A full investigation of all
BS states (Table S2) showed that BS7-235 is actually 9 kJ/mol
lower in energy than BS10-147. In fact, nine different BS states
were found within 11 kJ/mol of the lowest state. There are
several structures with similar energies with slight variations in
the hydrogen-bond lengths and the relative conformations of
the two NH, groups. For example, a structure with the non-
bonded NH, group directed towards S5A is only 1 kJ/mol less
stable (6 kJ/mol more stable by B3LYP, but 38 kJ/mol less stable
with relaxed surroundings).

Other structures are appreciably less stable. The second-
best structure had HNNH; bound end-on to Fe6 with the NH
group and with the NH; group directed toward S5A (Figure 3b;
again with a proton abstracted from homocitrate). It is 54—
68 kJ/mol less stable than the Fe6-H,NNH, structure at the

b

Figure 3. The best E; structures: (a) Fe6-H,NNH,(3) and (b) Fe6-HNNH;(5) both with the HIE state of His-195.
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Table 2. Energies (in kJ/mol), N-N and Fe—N distances (in A) of the various structures of the E; states. All states were studied in the S=1 state unless
otherwise stated. The entries are the same as in Table 1.
Structure His BS TP B3 TZ Rix  N-N Fe-N
Fe2-HNNH,(3) HID 147 209 209 137 1.92
HIE 147 80 76 94 54 136 1.94
Fe2-HNNH,(5) HID 147 272 186 134 1.95
HIE 147 131 126 135 1.94
Fe6-HNNH, HID 147 205 152 1.38 139
HIE 147 75 82 84 66 1.38 1.88
5=0 147 86 123 139 1.59
§5=2 147 122 115 1.38 1.88
Fe2/6-HNNH,(3) HID 147 320 303 142 1.98,1.90
HIE 147 247 250 145 1.95,2.00
Fe2/6-HNNH,(5) HID 147 305 324 1.44 2.08,1.90
HIE 147 248 291 1.45 2.06,1.93
Fe2/6-H,NNH(3) HID 167 272 298 1.44 1.93,1.98
HIE 147 223 217 145 2.02,1.98
Fe2/6-H,NNH(5) HID 147 337 366 143 1.90,2.04
HIE 147 182 193 1.45 2.00,2.02
Fe6-H,NNH,(3) HID 147 130 129 143 2.10
HIE 147 0 0 0 0 143 2.09
235 -9 -3 1.43 2.08
5=0 147 —-16 38 1.43 21
235 15 37 143 2.06
5=2 147 33 4 143 2.09
Fe6-H,NNH,(5) HID 147 128 121 1.43 214
HIE 147 1 —6 -1 38 143 213
235 0 =1 143 215
Fe2-NNH, HID 147 344 334 145 1.86
HIE 147 196 184 1.44 1.84
Fe2/6-NNH;(5) HID 147 407 471 1.46 1.92,1.91
HIE 147 301 367 1.47 1.93,1.91
Fe6-HNNH,(3) HID 147 215 213 143 1.93
HIE 147 80 75 87 72 143 1.92
Fe6-HNNH,(5) HID 147 151 148 1.44 1.93
HIE 147 67 65 68 54 144 1.93
Fe2-cHNNH(5) HIP 147 333 344 1.25 191
Fe6-cHNNH(3) HIP 147 300 290 1.27 1.91
Fe6-cHNNH(5) HIP 147 279 273 127 1.88
Fe2-tHNNH(3) HIP 147 259 76 1.28 1.99
Fe2-tHNNH(5) HIP 147 295 322 1.25 1.93
Fe6-tHNNH HIP 147 239 236 1.25 1.89
Fe2-NNH,(3) HIP 147 323 353 132 1.90
Fe2-NNH,(5) HIP 147 353 363 1.26 1.88
Fe2/6-NNH,(3) HIP 147 379 265 142 1.82,1.89
Fe2/6-NNH,(5) HIP 147 430 417 1.30 1.85,1.81
Fe6-HNNH, HIP 147 233 170 1.30 1.87

various levels of theory. A similar structure with the NH, group
directed towards S3A is 10-18 kJ/mol less stable. A structure
with HNNH, bound end-on to Fe6 with the NH group (i.e.
without the proton transfer from homocitrate) is 66-84 kJ/mol
less stable than the Fe6-H,NNH, structure. A structure with
HNNH, bound to Fe2 with the NH, group directed towards S3A
is 54-94 kJ/mol less stable than the best structure. The structure
with the NH, group pointing in the opposite direction is 50 kJ/
mol less stable. Structures with NNH; bound to Fe2 are 184-
196 kJ/mol less stable than the best Fe6-HNNH; structure.

We also studied a number of structures with HNNH, or
NNH; bridging Fe2 and Fe6 on either side of S2B, but all of
them were high in energy (182-471 kJ/mol less favourable than
Fe6-HNNH,). Moreover, we studied structures with a proton on
His-195, instead of on the substrate, giving the HIP state. These
structures were at least 233-430 kJ/mol higher than Fe6-
H,NNH,-HIE, with Fe6-HNNH, lowest, 6 kJ/mol lower than Fe6-

Chem. Eur. J. 2022, 28, 202103933 (8 of 18)

tHNNH. This may illustrate a possible path for the transfer of
protons to the substrate and it is apparently strongly downbhill.

For the best Fe6-HNNH; structure, we tested to cleave the
N-N bond. However, this reaction turned out to prohibitive
with an activation barrier of 119 kJ/mol and a reaction energy
of 78 kJ/mol to a product with NH bound to Fe6 and NH,3
dissociated from the cluster, but forming hydrogen bonds to
O1 of homocitrate, S2B and S3B. This indicates that nitrogenase
does not follow a sequential reaction mechanism. On the other
hand, the N—N bond can be cleaved in Fe2-NNH;, with a barrier
of 49 kJ/mol, but the reactant and the Fe2-N product are 196
and 149 kJ/mol less stable than the Fe6-H,NNH, structure,
showing that they are not expected to form during the reaction
mechanism.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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E¢ structures Table 3 and the best structures are shown in Figures 4 and S3.

As for the E, and Es structures, HIE protonation was found also
Adding a proton and an electron to the previous structures to be 1-138 kJ/mol more favourable than HID, except for Fe2/
gives intermediates at the E; level. These were studied primarily ~ 6(3)-H,NNH, with TPSS (2 kJ/mol), where His-195 accepts a
in the doublet BS10-147 state. The results are collected in  hydrogen bond from H,NNH, in the HID state.

Table 3. Energies (in kJ/mol), N-N and Fe—N distances (in A) of the various structures of the Eq states. All states were studied in the S=1/2 state unless
otherwise stated. The entries are the same as in Table 1.
Structure His BS TP B3 TZ RIx N-N Fe-N
Fe2-H,NNH,(3) HID 147 163 163 143 2.10
HIE 147 33 29 31 28 143 212
157 17 143 211
Fe2-H,NNH,(5) HID 147 163 161 1.42 2.10
HIE 147 60 55 1.42 2.06
Fe6-H,NNH,(3) HID 147 83 84 145 210
HIE 147 0 0 0 0 145 2.10
235 51 9 1.45 2.05
e 147 43 -38 1.43 227
5=3/2 147 16 —53 1.45 212
Fe6-H,NNH,(5) HID 147 93 87 145 215
HIE 147 2 —33 19 9 145 215
235 17 —-18 1.45 2.09
Fe2/6-H,NNH,(3) HID 235 245 213 1.46 2.10,1.99
HIE 235 247 1.46 2.15,1.98
Fe2/6-H,NNH,(5) HID 147 226 76 1.47 2.12,2.02
HIE 147 201 1.45 2.36,2.06
Fe2-HNNH;(3) HID 147 232 177 1.44 2.09
HIE 147 109 82 1.45 2.07
Fe2-HNNH;(5) HID 147 282 246 1.44 213
HIE 147 150 108 1.44 2.09
Fe6-HNNH,(3) HID 147 243 197 1.44 2.02
HIE 147 105 108 1.44 2.02
Fe6-HNNH;(5) HID 147 200 204 1.44 211
HIE 147 119 122 1.44 21
Fe2/6-NH(3) + NH, HID 147 220 179 1.81,1.88
HIE 147 117 194 1.87,1.90
Fe2/6-NH(5) + NH, HID 147 309 286 1.91,1.87
HIE 147 265 285 1.92,1.87
Fe6-H,NNH;(5) HID 147 110 116 1.44 211
HIE 147 28 31 29 43 144 21
Fe2-HNNH,(5) HIP 147 342 345 137 1.96
Fe2/6-HNNH,(3) HIP 147 478 547 145 1.95,2.01
Fe2/6-HNNH,(5) HIP 147 445 501 1.46 1.97,1.99
Fe6-HNNH, HIP 147 285 249 142 1.89
Fe6-H,NNH,(3) HIP 147 156 167 1.44 2.09
Fe6-H,NNH,(5) HIP 147 164 169 1.45 2.15
Fe2-NNH, HIP 147 409 409 1.45 205
Fe2/6-NNH,(5) HIP 147 502 537 147 1.91,1.91
235 469 533 1.46 1.91,1.92
Fe6-HNNH,(5) HIP 147 254 267 1.45 1.99
[a] A structure with a H-N—N—H torsion of 98-99°.

Figure 4. The best E; structures: (a) Fe6-H,NNH,(3), (b) Fe6-H,NNH,(5) and (c) Fe2-H,NNH,(3), all with the HIE state of His-195.
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The best structure at the TPSS level has H,NNH, bound end-
on to Fe6, with the non-coordinating NH, group pointing
towards S3A (thus, the new proton in the E; state is added to
homocitrate and not the substrate; Figure 4a). It has a Fe6-N
distance of 2.10 A and a N-N bond length of 1.45 A, which is
slightly longer than for the E; structures and the same molecule
optimised in vacuum, 1.43 A. The Fe ions have spin populations
of 2.2-3.2 e, but 2.0 e on Fe2 and 1.4 e on Fe6 (Table S4). The
spin on Mo is minor and slightly positive, 0.1 e. It is stabilised by
a hydrogen bond from the Fe6-bound NH, group to the
hydroxy O7 atom of homocitrate (H-~07=2.25A) and by a
hydrogen bond from the other NH, group to S2B (H--S2B=
231 A). The other H atom of the latter NH, group points in the
direction of S1B, but the distance is long, 3.02 A. It is also 2.94 A
from O1 of homocitrate. The fourth H atom of the substrate is
2.73 A from S3B, but the geometry is far from ideal. It is also
close to a methyl group of Val-70 (1.83 A H-H distance). The
quartet state was 16 kJ/mol less stable at the TPSS level, but
53 kJ/mol more stable with B3LYP. An investigation of all BS
states (Table S2) showed that BS10-147 is most stable, 6 kJ/mol
better than BS10-135. With B3LYP, a structure in which the two
NH, groups are twisted with respect to each other (H-N-N—H
torsion of 99°), as in the structure for the free hydrazine, is
38 kJ/mol more stable than the structure in Figure 4a, but at
the TPSS level, the other structure is 43 kJ/mol more stable.

The corresponding structure with the non-coordinating NH,
group pointing towards S5A (Figure 4b) is only 2-19 kJ/mol less
stable with TPSS but 33 kJ/mol more stable B3LYP. It is
stabilised by a hydrogen bond to the O1 atom of homocitrate
(H~01=2.04 A), whereas the other H atoms interact with S2B,
S3B and S1B as for the other conformation (H-S distances of
235, 3.13 and 2.79 A). With B3LYP, this structure is further
stabilised by 62 kJ/mol when studied in the BS7-235 state,
whereas with TPSS the BS10-147 state is 48 kJ/mol more stable.

The corresponding structure with hydrazine bound end-on
to Fe2 (Figure 4c) is 17-33 kJ/mol less stable. The two H atoms
of the NH, group bound to Fe2 form hydrogen bonds to SG of
Cys275 (H-~SG=243 A) and S2B (H--S2B=2.84 A). The other
two H atoms interact with ND1 of His-195 and S1A (H-ND1=
253 and H-S1A=3.15A), but with poor geometries. A full
investigation of all BS states (TableS2) showed that this
structure is most stable in the BS6-157 state, which is 16 kJ/mol
more stable than the BS10-147 state. End-on bound HNNH,
structures are 105-282 kJ/mol less stable, whereas side-on (Fe2/
6) structures are 117-309 kJ/mol less stable and those with
HNNH; dissociate to NH and NH;.

We have also studied the same structures as for Es, but with
HIP and an extra electron. They were all high in energy, 156-
547 kJ/mol less stable than the best Fe6-H,NNH, structure,
showing that proton transfer from His-195 is strongly favour-
able. In several of this type of structures, the substrate
automatically abstracts a proton from His-195, forming HID
states instead (which are less stable than the HIE structures, as
has already been discussed).

Chem. Eur. J. 2022, 28, €202103933 (10 of 18)

E, structures

After adding yet another proton and electron, we reach the E;-
level intermediates. They were studied in the triplet BS10-147
state. The structures are listed in Table 4 and the most stable
structures are shown in Figures 5 and S4. As usual, the HID
structures were less stable than the corresponding HIE
structures by 3-176 kJ/mol.

Only a few structures were obtained with H,NNH; bound to
the FeMo cluster. They had a N-N distance of 1.42-1.43 A. The
most stable one had H,NNH; bound end-on to Fe6, with the
NH; directed towards the S5A side (Figure 5a), but binding to
Fe2 was only 4 kJ/mol less favourable with TPSS (30 kJ/mol by
B3LYP). An investigation of all BS states (Table S2) showed that
this complex is most stable in the BS2-234 state, which is
actually 36 kJ/mol more stable than the BS10-147 state. The
N-N bond can readily be cleaved in this structure with an
activation barrier of only 32 kJ/mol and an exothermic reaction
energy of —154 kJ/mol. The product has NH, bound end-on to
Fe6 and NH; dissociated, but hydrogen bonded to the cluster
(Figure 5b). The two H atoms of NH, form hydrogen bonds to
01 of homocitrate (H-~01=2.47 A) and S2B (H--52B=2.53 A).
The dissociated NH; molecule forms hydrogen bonds to NH,
(H-N=2.06 A) and 02 of homocitrate (H--02=2.23 A), whereas
the third H atom does not form any favourable interaction, but
instead is quite close to a methyl group of Val-70 (2.03 A H-H
distance). A structure with H,NNH; dissociated from the Fe ions,
but still hydrogen-bonded to the cluster is 83 kJ/mol more
stable than the bound Fe6-H,NNH, structure (Figure 5c). When
it is dissociated, it is appreciably harder to cleave the N—N bond
- the calculated barrier is 91 kJ/mol.

Structures with a cleaved N-N bond and both NH, and NH,
coordinated to the cluster are up to 84 kJ/mol more stable than
the bound Fe6-H,NNH; structure, but 21 kJ/mol less stable than
the structure with NH; dissociated. The best one has NH,
bridging Fe2 and Fe6 on the side facing S5A, whereas NH,
binds to Fe6 (Figure 5d). The two Fe-NH, distances are 1.93 and
1.95 A, whereas the Fe6—NH, distance is 2.27 A. 52B has moved
considerably, but it still binds to Fe2 and Fe6, and it receives a
hydrogen bond from His-195 (HE2--S2B=2.36 A). NH, forms a
hydrogen bond to O1 of homocitrate (H--O1=2.00 A), whereas
the second H atom points towards S2B (H--S2B=2.65 A). The
third H atom does not form any favourable interactions. The
two H atoms of NH, point towards S3A and S2B (H--S3A=3.21
and H--$2B=2.63 A). The spin populations on Fe2 and Fe6 are
relatively low, 2.1 and 2.2 e, respectively, but that on Fe7 is
even lower, 1.5 e (Table S5). NH; may dissociate from this
structure, but the activation barrier is rather high, 78 kJ/mol.

There are several other structures with comparable energies
(cf. Table 4), for example with NH, bridging Fe2 and Fe6 on
either side of S2B and with NH; either on Fe2 or Fe6. The
relative energies sometimes differ rather much between TPSS
and B3LYP.

As for the other E, states, we tested also structures with HIP
protonated, but all these were at least 183 kJ/mol less stable.
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Table 4. Energies (in kJ/mol), N-N and Fe—N distances (in A) of the various structures of the E, states. All states were studied in the S=1 state unless
otherwise stated. The entries are the same as in Table 1. Fe—N distances of NH, precede those of NH;.
Structure His BS TP B3 TZ RIx  N-N Fe-N
Fe2-H,NNH;(3) HID 147 277 297 142 214
HIE 147 137 162 143 2.05
Fe2-H,NNH,(5) HID 147 248 256 143 217
HIE 147 143 159 143 214
Fe6-H,NNH,(3) HID 147 193 216 143 2.28
Fe6-H,NNH;(5) HID 147 217 237 143 2.26
HIE 147 133 -12 28 132 143 2.38
234 97 1.42 243
H,NNH; dissociated HIE 147 50 1.44
Fe2-NH,(3)-Fe6-NH; HID 147 94 109 1.84,2.06
HIE 147 61 68 1.88,2.08
Fe6-NH,(3)-Fe2-NH, HID 147 76 147 1.98,1.91
HIE 147 73 57 2.06,1.92
Fe6-NH,(5)-Fe2-NH; HID 147 85 154 2.01,1.91
HIE 147 88 126 2.03,1.93
Fe2/6-NH,(3)-Fe2-NH; HID 147 104 166 1.93,1.95,2.01
HIE 147 0 110 1.93,1.95,2.00
Fe2/6-NH,(3)-Fe6-NH; HID 147 61 86 1.94,1.97,2.09
HIE 147 36 51 1.96,2.02,2.27
Fe2/6-NH,(5)-Fe2-NH, HID 147 107 188 1.95,1.94,2.05
HIE 147 26 38 1.93,1.96,2.05
Fe2/6-NH,(5)-Fe6-NH; HID 147 83 105 1.93,1.97,2.24
HIE 147 0 0 0 0 1.93,1.95,2.27
14 —50 1.92,1.94,2.09
5=0 147 -31 37 1.92,1.95,2.16
§=2 147 20 97 1.92,1.95,2.21
Fe2/6-NH,(3)-Fe2-NH, HID 147 110 85 2.57,2.03,1.89
HIE 147 83 75 2.70,2.03,1.88
Fe2/6-NH,(3)-Fe6-NH, HIE 147 132 145 2.45,2.13,2.02
Fe2/6-NH,(5)-Fe2-NH, HID 147 135 169 2.04,2.95,2.00
HIE 147 43 -7 2.02,2.95,1.98
Fe2/6-NH;(5)-Fe6-NH, HID 147 198 231 2.86,2.04,2.01
HIE 147 136 200 2.64,2.01,2.02
Fe6-NH, -+ NH; HIE 147 -21 1.89
Fe2-H,NNH,(3) HIP 147 210 224 1.45 2.16
Fe2-H,NNH,(5) HIP 147 240 252 1.42 2.08
Fe6-H,NNH,(3) HIP 147 183 202 145 2.09
Fe6-H,NNH,(5) HIP 147 191 206 1.46 2.15
Fe2/6-H,NNH,(3) HIP 235 424 426 1.46 2.12,1.99
Fe2/6-H,NNH,(5) HIP 147 374 205 1.48 2.15,2.03
Fe2-HNNH,(5) HIP 147 368 229 143 214
Fe6-HNNH,(3) HIP 147 292 313 1.44 2.02
Fe6-HNNH;(5) HIP 147 307 326 1.44 2.10
Fe6-H,NNH,(5) HIP 147 217 239 1.44 2.10

E;—Eg structures with only one N atom

We studied also structures with only a single N atom, i.e. after
N-N bond cleavage and dissociation of a NH; product. These
were studied at four levels of oxidation and protonation (Es-Eg),
even if the results in the previous subsections indicate that only
the E, and E; states are involved in the reaction mechanism.
The results are collected in Table 5 and the best structures are
shown in Figures 6, 7 and S5.

The best E; structure has N bound end-on to Fe6 with a
Fe—N distance of 1.60 A (Figure 6a). The N atom receives a
hydrogen bond from HE1 of GIn-191 (2.55 A, but this hydrogen
also forms a hydrogen bond to O1 of homocitrate with a H-O1
distance of 2.40 A). We tested also the singlet and quartet states
for this structure. The latter was 38 kJ/mol less stable at the
TPSS level (33 kJ/mol with B3LYP). However, the singlet was
39 kJ/mol more stable with TPSS, but 11 kJ/mol less stable with
B3LYP. A structure with NH bound to Fe6 (with the proton

Chem. Eur. J. 2022, 28, €202103933 (11 of 18)

abstracted from homocitrate) is only 2 kJ/mol less stable (38 kJ/
mol by B3LYP), but it is 14 kJ/mol more stable with the larger
basis set and 9 kJ/mol more stable if the surroundings are
relaxed.

The corresponding structure with N bound end-on to Fe2
(Figure 6b) is also 2 kJ/mol less stable (35 kJ/mol with B3LYP),
but 1 kJ/mol more stable with the larger basis set, 41 kJ/mol
more stable if the surroundings are relaxed. It has an even
shorter Fe2-N bond length of 1.54 A. The N atom does not
receive any polar hydrogen bond, but it is 2.00 A from a HB
atom of Ser-278. The corresponding structures with N bridging
Fe2 and Fe6 are 30 kJ/mol (on the S3A side) and 57 kJ/mol (S5A
side) less stable. In both cases, S2B moves to a position where it
interacts with more Fe ions than Fe2 and Fe6. Moreover, N
receives the hydrogen bond from His-195 (instead of S2B; 2.44
and 2.50 A, respectively). The corresponding HID structures are
78-126 kJ/mol less stable. Interestingly, for the three most
stable structures BS7-235 was found to be 5-37 kJ/mol more

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. The best E, structures: (a) Fe6-H,NNH;(5), (b) Fe6-NH, + NH;, (c) H,NNH; dissociated and (d) Fe2/6-NH,(5)-Fe6-NHs, all with the HIE state of His-195.

stable than the BS10-147 state. However, the Fe6-N structure
was still the best structure.

The most stable E, structure has NH, bound end-on to Fe6
with the extra proton on the substrate abstracted from
homocitrate (Figure 6c). It has a Fe6-N bond length of 1.85 A
and the H atoms of NH, point toward O1 and O7 of homocitrate
(H-01=2.01 A, H-~07=2.17 A) and S2B (H--S2B=2.59 A). The
spin population on Fe6 (2.0 e) is slightly lower than that on Fe2
(2.1 e; Table S6). This structure is 126 kJ/mol more stable (63—
90 kJ/mol with B3LYP, the larger basis set or relaxed surround-
ings) than a structure with NH binding end-on to Fe6 (Fe6-N
bond length of 1.73 A). The corresponding HID structures are
51-221 kJ/mol higher in energy. Structures with HIP are 305-
373 kJ/mol higher in energy, showing that proton transfer from
His-195 is favourable.

The most stable E, structure has NH; bound end-on to Fe6
(with a proton abstracted from homocitrate). The Fe6-N bond
length is 2.06 A (Figure 6d). One of the three H atoms forms
hydrogen bonds to both O1 and O7 of homocitrate (H-O1=
2.01 and H--07=2.03 A). The other two are rather close to 52B
(H--52B=2.76 and 2.86 A), but also to S1B and S3B (H--S1B=

Chem. Eur. J. 2022, 28, 202103933 (12 of 18)

2.96 A and H--53B=3.09 A). The spin population of Fe6 is 2.1 e
(Table S6). NH; cannot dissociate from this structure (the energy
keeps rising by more than 120 kJ/mol when the Fe6-N bond is
elongated). A full investigation of all BS states (Table S2)
showed that BS6-156 is actually lowest, but the BS10-147 state
is only 8 kJ/mol higher in energy and there are five BS states
within 10 kJ/mol of BS6-156.

This Fe6-NH, structure is 99-113 kJ/mol more stable than a
structure with NH, bound to Fe6 (and a proton on homocitrate).
The structure with NH, bound to Fe2 is 95-119 kJ/mol less
stable. Structures with NH, bridging Fe2 and Fe6 are 191-
350 kJ/mol higher in energy than the best structure. Structures
with HID are ~90 kJ/mol less stable than the corresponding HIE
structures. Structures with HIP are 281-418 kJ/mol less stable,
again indicating that proton transfer from His-195 is strongly
favourable.

Finally, we studied also Eg states. Again, the most stable
structure has NH, bound to Fe6 with a Fe—N distance of 2.13 A
(Figure 7a). NH, forms a hydrogen bond to O1 of homocitrate
with a H-O distance of 1.93 A. One of the other H atoms is
268 A from S2B, but the last atom does not form any
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Table 5. Energies (in kJ/mol), N-N and Fe—N distances (in A) of the various structures of the Es-E; states with a single N atom. All states were studied in the
S=1(Es or E;) or S="/, (E; or Eg) state unless otherwise stated. The entries are the same as in Table 1.
State Structure His BS P B3 TZ RIx Fe-N
Es Fe2-N HID 147 124 157 1.53
HIE 147 2 35 -1 —41 154
235 -5 87 152
Fe6-N HID 147 126 126 1.60
HIE 147 0 0 0 0 1.60
235 —-37 -13 152
5=0 147 -39 1 152
5=2 147 38 33 1.60
Fe2/6-N(3) HID 147 155 309 1.69,1.79
235 134 256 1.71,1.72
HIE 147 57 23 1.69,1.81
Fe2/6-N(5) HID 43 m 302
HIE 127 30 199
14 64 —64
Fe6-NH HID 147 17 16 177
HIE 147 2 38 —14 -9 172
235 —-17 28 1.62
Es Fe2-NH HID 147 226 199 1.85
HIE 147 132 118 139 69 1.83
Fe6-NH HID 147 204 196 1.89
HIE 147 126 920 131 69 1.79
5=3/2 147 154 133 1.77
Fe2/6-NH(3) HID 147 239 328 1.80,1.87
HIE 147 129 107 149 79 1.84,1.86
$=3/2 147 124 167 1.86,1.87
Fe2/6-NH(5) HID 147 250 302 1.85,1.90
HIE 147 138 188 175 116 1.85,1.89
Fe6-NH, HID 147 86 113 1.86
HIE 147 0 0 0 0 185
235 26 —48 1.84
Fe6-N HIP 147 305 273 153
Fe2/6-N(3) HIP 147 373 288 1.72,1.85
Fe6-NH HIP 147 319 296 178
E, Fe2-NH, HID 147 207 201 1.89
HIE 147 17 107 119 95 1.87
Fe6-NH, HID 147 200 195 1.86
HIE 147 112 109 13 99 1.85
5$=0 147 118 150 1.87
§=2 147 149 101 1.85
Fe2/6-NH,(3) HID 147 242 213 1.97,1.96
HIE 147 224 240 1.98,2.03
Fe2/6-NH,(5) HID 147 281 350 1.94,1.95
HIE 147 191 263 1.92,1.94
Fe6-NH; HID 147 89 85 2.06
HIE 147 0 0 0 0 206
156 -8 2.09
5$=0 147 -13 47 2.08
5=2 147 33 -37 2.06
Fe6-NH HIP 147 418 394 1.82
Fe6-NH, HIP 147 283 281
Eg Fe2-NH, HID 147 126 128 2.06
HIE 147 1 8 14 —28 2.06
235 35 -2 213
Fe6-NH, HID 147 88 81 212
HIE 147 0 0 0 0 213
235 17 12 207
5=3/2 147 23 -35 220
Fe2/6-NH;(3) HID 147 326 336 2.09,2.51
HIE 147 324 301 211,234
Fe2/6-NH;(5) HID 147 273 2.103.14
NH, dissociated HID 147 88 74 3.04
HIE 147 -2 6 1 —32 3.03
235 17 —-20 3.09
Fe6-NH, HIP 147 292 228 1.88
Fe6-NH; HIP 147 152 146 2.06

favourable interactions. The Fe spin populations are 2.2-3.2 e,
but 2.0 e on Fe6 (Table S6). The structure was studied in the

Chem. Eur. J. 2022, 28, €202103933 (13 of 18)

doublet state and the corresponding quartet state is 23 kJ/mol
less stable with TPSS, but 35 kJ/mol more stable with B3LYP. A
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Figure 6. The best structures with only one N atom: (a) Es-Fe6-N, (b) Es-Fe2-N, (c) E;-Fe6-NH,, (d) E;-Fe6-NHs, all with the HIE state of His-195.

Figure 7. The E; structures: (a) Fe6-NH;, (b) NH, dissociated and (c) Fe2-NH;, all with the HIE state of His-195.

full investigation of all possible BS states (Table S2) showed that
the BS10-147 state is best, but there are four other BS states
within 10 kJ/mol. NH; can dissociate from this structure with a
barrier of 42 kJ/mol. The dissociation energy of NH; (compared
to the quartet BS7-235 E, state and NH; in a water-like
continuum solvent with a dielectric constant of 80) is 16 kJ/mol
(—20 kJ/mol with B3LYP), which can easily be overcome by the

Chem. Eur. J. 2022, 28, 202103933 (14 of 18)

gain in translational and rotational entropy of the released NH;
ligand, ~60 kJ/mol).>*

A structure, in which NH; has abstracted the proton from
07 of homocitrate, forming NH,", is actually 2 kJ/mol more
stable than the Fe6-NH; structure. NH,” has dissociated from
Fe6 and the four H atoms form hydrogen bonds to O1 of
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homocitrate  (H--0O1=143A), S2B (H-S2B=2.80A), S1B
(H--51B=2.19 A) and S3B (H--S3B=2.56 A; Figure 7b).

A structure with NH; bound to Fe2 is 8-11 kJ/mol less stable
than the Fe6-NH; structure (but 28 kJ/mol more stable with
relaxed surroundings). It has a slightly shorter Fe—N bond
(2.06 A; cf. Figure 7c). Two of the H atoms of NH, points
approximately towards SG of Cys-275 and $2B (H--SG=2.75 A
and H--52B=2.89 A). A full investigation of all BS states showed
that BS10-147 indeed is the most stable state, but only 2 kJ/mol
more stable than the BS6-157 state. We also tried to find
structures with NH; bridging Fe2 and Fe6, but they were at
least 326 kJ/mol less stable. Structures with HID were 81—
120 kJ/mol less stable than the corresponding HIE structures.
Structures with HIP were 152-292 kJ/mol less stable, showing
that proton transfer from His-195 is strongly favourable.

Conclusions

In this investigation, we have studied possible reaction
intermediates of nitrogenase, assuming that the S2B remains
bound to the FeMo cluster. To avoid the problem that the
structure of the E, intermediate is not known and that different
DFT functionals give very different relative stabilities of various
protonation states***? we started our study after H, has
dissociated and N, has bound to the cluster and has become
doubly protonated to N,H,"™'® so that no protons remain
bound to the cluster. Based on the accumulated experimental
evidence,**" as well a systematic study of the binding of N,H,
to the FeMo cluster,*” and in agreement with most previous
computational studies”” we have assumed that N,H, binds
either to Fe2 or Fe6.

Our study has led to the following conclusions:
e For the E, state, Fe6-tHNNH, Fe2-tHNNH and Fe6-HNNH,

structures are all competitive (within 5 kJ/mol with at least

one of the four levels of theory included in Table 1).

Eo

e For the E; state, Fe6-H,NNH, is lowest in energy. Fe6-NNH; is
54-68 kJ/mol higher and the N-N bond in cannot be
cleaved.

e For the E, state, Fe6-H,NNH, structure is lowest in energy,
28-43 kJ/mol lower than Fe6-H,NNH;. Cleavage of N—N in
the latter has a barrier of 95 kJ/mol.

e The N-N bond in the H,NNH; E, complexes can easily be
cleaved, the reaction is exothermic and NH; moves sponta-
neously into the second coordination sphere of the cluster,
whereas NH, binds with similar affinities to both Fe2 and Fe6.
However, the most stable structure is obtained if NH,
abstracts the hydroxy proton from homocitrate, forming NH,
bound to Fe6, which cannot dissociate at this level of
reduction.

o In the Eg state, NH, binds preferably to Fe6 (binding to Fe2 is
8-11 kJ/mol higher in energy). It can readily dissociate from
the FeMo cluster.

Based on these results, we suggest the reaction mechanism
in Figure 8. In this mechanism, the substrate binds to Fe6. In
the E; state, it is protonated to H,NNH,, whereas in E, the
proton is added to homocitrate, so that the ligand remains
H,NNH.. In the E, state, the substrate is protonated to H,NNH,,
in which the N-N bond is readily cleaved and NH; automatically
dissociates. The resulting NH, group remains bound to Fe6 and
is protonated to NH,. In the E; state, NH, dissociates and the
resting E, state is formed.

It has been much discussed whether the reaction mecha-
nism of nitrogenase follows a sequential or alternating reaction
mechanism.™ Our results suggest that the enzyme follows an
alternating mechanism, with HNNH and H,NNH, as intermedi-
ates (although the former may be protonated by homocitrate
to HNNH,). Moreover, the N-N bond is cleaved in the E, state
and that the NH; products dissociate at the E, and Eg levels, in
accordance with an alternating mechanism.

Between the various E, levels in Figure 8, we have assumed
that an electron and a proton are delivered to the FeMo cluster.
The electrons are provided by the Fe protein, via the P-
cluster." The protons ultimately come from the solvent. Dance

Figure 8. Suggested reaction mechanism for nitrogenase, assuming that S2B remains bound to the cluster.
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has investigated different proton paths from the solvent to the
FeMo cluster. He suggested that protons are transferred from
the surface via a chain of water molecules to a water molecule
close to homocitrate and the S3B atom.®**” He has also studied
how the proton may be transferred within the FeMo cluster,
starting on the S3B atom and ultimately ending up close to the
substrate-binding sites.”® His-195 may also provide protons to
the substrate, as has often been assumed.”®* In fact, our
calculations show that such a transfer (via the HIP state of His-
195) is always downhill. However, this gives the HID state of
His-195, which is nearly always unfavourable. Moreover, Dance
has shown that rotation of the sidechain of His-195 is unlikely
in the protein.”**® Therefore, His-195 can probably not provide
more than one proton to the substrate (at the most).

However, it should be remembered that QM studies of
nitrogenase are extremely complicated. Our survey of the most
stable structures at the various E,~E; levels have indicated that
several structures often have quite similar energies and that
here are many conformations of the bound intermediates,
depending on the direction of the non-coordinated N-group,
the H-N-N—H dihedral angle and the formation of hydrogen
bonds and other polar interactions. Moreover, sometimes other
BS states than BS10-147 are most stable and a full BS
investigation of every structure is currently too demanding. This
makes it harder to settle the most stable structures and it
cannot be excluded that we might have overlooked some low-
energy structures.

For all states, we have optimised structures with both TPSS
and B3LYP. In general, the two methods give relative energies
that agree reasonably. However, in some cases, differences
> 50 kJ/mol are observed, without any significant differences in
the geometry. This is often observed for the various spins states
(B3LYP typically prefers higher spin states than TPSS, as
expected). However occasionally, such differences also occur for
structures with differences only in the hydrogen-bond pattern
or coordination mode, making interpretation of the results
harder.

For the most interesting states, we have also recalculated
energies with the larger def2-TZVPD basis set. As in our
previous studies,“****" this has typically only a minor effect on
the energies, <20 kJ/mol. However, calculations with relaxed
surroundings occasionally have larger effects, up to 26 kJ/mol,
which may indicate that the structure need to relax more than
is allowed in the rather large QM system or problems with local
minima in the surroundings. However, a more detailed study of
the relaxation of the surroundings (in the Supporting Informa-
tion) indicates that the large energy differences are connected
to major movements of water molecules and other groups far
from the substrate-binding site, suggesting that it reflects more
occurrences of multiple local minima, rather than important
relaxation of the surroundings.

For many of the E, states, we have observed that a transfer
of the hydroxy proton of homocitrate to the N,-intermediate is
favourable. This indicates homocitrate may constitute a proton
buffer, which can be used to stabilise certain intermediates of
the reaction, especially H,NNH, and NH;. This provides an
attractive explanation why homocitrate is mandatory for the

Chem. Eur. J. 2022, 28, 202103933 (16 of 18)

function of nitrogenase.®®*” Bjornsson and coworkers have also

suggested that the hydroxy proton of homocitrate is employed
to form trans-HNNH from N, in the E, intermediate, although
the reaction was uphill.*”

For all E, levels, binding of the intermediates to Fe6 seems
to be preferred and therefore we have suggested such binding
in the mechanism in Figure 8. This site has more hydrogen-
bond possibilities (besides sulfide ions), involving His-195, GIn-
191 and the homocitrate ligand. It can also employ the
suggested proton buffer of homocitrate and it is also closer to
the end of the suggested proton-transfer path, involving a
chain of water molecules, ending close to homocitrate and
S3B.°**" However, for the E, and E, states, binding of the N,-
intermediates to Fe2 are competitive. Moreover, it has been
suggested that a likely N,-binding channel ends at Fe2.*”

We have previously studied the reaction mechanism of
nitrogenase, assuming that S2B dissociates from the FeMo
cluster, opening up for an obvious binding site of the
substrate.”” This gave rise to a mainly alternating reaction
mechanism, in which the substrate and the intermediates
bound in a bridging mode (with one or both N atoms) between
Fe2 and Fe6. In the present study, bridging intermediates were
always found to be much less stable than end-on intermediates,
except for E; structures with both NH, and NH,. The reason for
this is that the FeMo cluster is too crowded if both the substrate
and S2B bridges Fe2 and Fe6. In fact, it is often observed that
S2B moves to other positions or reacts with the substrate or
other sulfide ions in such high-energy structures with a bridging
substrate. Thus, it seems clear that bridging substrate structures
are unlikely when S2B remains bound.

In conclusion, this study shows that the second part of the
nitrogenase reaction (after binding of N,) is possible also if the
S2B ligand has not dissociated. Such a reaction follows an
alternating mechanism with the substrate and intermediates
binding to Fe6. It has also pointed out an important role for the
homocitrate ligand as a proton buffer. In future studies, we
study the binding of N, and dissociation of H, to the E, state of
the cluster.
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/Abstract: Nitrogenase is the only enzyme that can convert N, to NH;. Crystallographic structures have indicated that one
of the sulfide ligands of the active-site FeMo cluster, S2B, can be replaced by an inhibitor, like CO and OH", and it has
been suggested that it may be displaced also during the normal reaction. We have investigated possible proton transfer
pathways within the FeMo cluster during the conversion of N,H, to two molecules of NH;, assuming that the protons
enter the cluster at the S3B, S4B or SS5A sulfide ions and are then transferred to the substrate. We use combined
quantum mechanical and molecular mechanical (QM/MM) calculations with the TPSS and B3LYP functionals. The
calculations indicate that the barriers for these reactions are reasonable if the S2B ligand remains bound to the cluster,
but they become prohibitively high if S2B has dissociated. This suggests that it is unlikely that S2B reversibly dissociates

\during the normal reaction cycle.

J

Introduction

Nitrogenase (EC 1.18/19.6.1) is the only group of enzymes
that can cleave the strong triple bond in N,, making nitrogen
available for biological lifeforms. It is found in some groups
of bacteria and archaebacteria, but many higher plants live
in symbiosis with such organisms. Crystal structures of the
most active form of nitrogenase show that the active site
consists of a MoFe;S,C(homocitrate) cluster (the FeMo
cluster, shown in Figure 1).!") It is connected to the protein
by a cysteine ligand to one of the Fe ions and a histidine
ligand to the Mo ion. There also exist alternative nitro-
genases with the Mo ion replaced with either vanadium or
iron, which have lower activities towards N,.[%!
Nitrogenase catalyses the reaction:

N, +8e +8H" + 16 ATP —

2NH; + H, + 16 ADP + 16P; M

Thus, it requires eight electrons and protons, and
consumes 16 molecules of ATP. H, is a mandatory by-
product. The reaction is often described by the Lowe—
Thorneley scheme,” which contains nine states E, to Eg,
differing in the number of added electrons and protons.
Thorough biochemical, kinetic, structural and spectroscopic
studies have suggested that the enzyme typically needs to be
loaded with four electrons and protons before the N,
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substrate can bind, through reductive elimination of H,.*®

The substrate probably binds to the Fe2 or Fe6 ions (atom
names are shown in Figure 1).['>!7]

Several crystallographic studies have shown that one of
the sulfide ligands, S2B, which bridges the Fe2 and Fe6 ions,
can be replaced by inhibitors, like CO and OH™.*'¥l The
process is reversible and a putative storage site for the
dissociated SH™ ion has been identified. Therefore, it has
been suggested that S2B may dissociate also during the
normal reaction mechanism, opening up an obvious binding
site for the substrate."”?! In fact, a recent crystal structure
was suggested to show such replacement of S2B (and also
the S3A and S5A sulfide ions) by N,P! although the
interpretation has been disputed.”*! Nitrogenase has also
been extensively investigated by computational methods,*!
but so far no consensus has been reached regarding the
reaction mechanism or even of the structure and protona-
tion of the crucial E, state.**>!l

Between each E, level, one electron and one proton are
delivered to the FeMo cluster. The electrons are provided
by the Fe protein via the P-cluster,""? and they can move

S2B

S4A

S5A

Figure 1. The FeMo cluster with atom names indicated. All structures
in the figures use the same perspective.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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freely within the FeMo cluster. However, movements of the
protons are more restricted. They should ultimately come
from the bulk solvent. His-195 forms a hydrogen bond to the
S2B sulfide ion and it has therefore often been assumed to
provide protons to the substrate.””*) However, to donate
more than one proton to the substrate, the sidechain of His-
195 must rotate and calculations by Dance have indicated
that such rotations are unlikely in the protein.l**3

Therefore, he investigated alternative proton pathways
from the solvent to the FeMo cluster and found that there is
a conserved chain of water molecules from the surface that
ends with a water molecule close to the S3B atom of the
FeMo cluster.”**=") He suggested that protons are delivered
to the FeMo cluster on the S3B atom and that they are then
transferred to the substrate via various Fe and sulfide ions in
the cluster. He identified six local minima for the binding of
a proton on S3B and showed that the proton may move
between these with barriers of 10-60 kJ mol~".***! Based on
this finding, he also studied possible proton transfers within
the FeMo cluster, starting from the S3B atom and ending up
at the substrate-binding site at Fe6 and Fe2.”**** However,
he studied mainly the first four steps of the reaction
mechanism (E, to E,) and partly with an outdated model of
the FeMo cluster.

Recently, we have studied putative reaction mechanisms
of nitrogenase, starting from bound and protonated N,H,
and going to two NH; molecules, with either S2B bound to
or dissociated from the cluster.”®* In both cases, reasonable
pathways could be identified, following mainly alternating
mechanisms (i.e. the two N atoms are protonated alter-
natively and the products do not dissociate before the Eg
intermediate). Therefore, the calculations could not discrim-
inate between the two scenarios. Moreover, between each
E, state, protons were simply added to every possible site on
the substrates, assuming that they can freely move around in
the FeMo cluster. Therefore, the studies mainly determined
the thermodynamically most stable protonation state and
binding conformation of the substrate at each E, level.

In this study, we go one step further and study proton-
transfer reactions within the FeMo cluster, from the sulfide
ions closest to the end of the water chain and to the
substrate. In this case, we observe a significant effect of the
S2B ligand.

Results and Discussion

We have studied possible proton transfers within the FeMo
cluster for the Es—Ey states both when S2B has dissociated
and when it remains bound to the cluster. Following the
investigations by Dance,**** we assume that the protons
are delivered to the cluster via the proton wire ending close
to S3B.*¥ However, looking at the most accurate crystal
structure of nitrogenase (3U7QF!), the last water molecule
in the chain (HOH-519) is close to three sulfide ions, S3B
(4.05A), S5A (4.03A) and S4B (3.77 A). Therefore, we
considered all three ions as possible entry sites for the
proton.

Angew. Chem. Int. Ed. 2022, 61, €202208544 (2 of 9)
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First, we studied possible proton-transfer paths at the Es
level and with S2B dissociated. We started from the best E,
structure in our previous investigation,”™ ie. with NNH,
bridging Fe2 and Fe6. To this structure, we added an
electron and a proton that initially was placed on either
S5A, S3B or S4B. The results are shown in Figure 2. It
turned out that protonation of S5A is 97 and 69 kJmol™
more favourable than protonation of S4B and S3B. The
proton on each sulfide ion can point in several different
directions that represent different local minima. For exam-
ple, the proton on SSA can point either towards S2B or S3A
(the two conformations are called SSA(2) or SSA(3) in
Figure 2. The latter is 16 kJmol ' more stable.

Then, we tried to find a proton-transfer pathway from
the three sulfide ions to the NNH, ligand. The proton can
first be transferred from S5A to Fe7 with a barrier of
48 kJmol™'. During this reaction the most stable broken-
symmetry (BS) state changes from BS10-147 to BS7-235.
Similar changes are found throughout the reaction mecha-
nism and in the figures only the energy of the lowest BS
state is indicated. A proton on S4B can easily be transferred
to Fe7 with a barrier of only 3 kJmol ™. Next, the proton on
Fe7 changes its conformation to point towards Fe2 with a
barrier of 68 kJmol . Then, it is transferred to Fe6
(11 kJmol ™! barrier) and to Fe2 (11 kJmol ™" barrier), before
it can be transferred to the substrate with a barrier of
40 kJmol . This results in a HNNH, state with only the NH
group bridging Fe2 and Fe6. It is 16 kJmol™' more stable
than the starting SS5A structure, but it needs to be
reorganised by a barrier of 30 kJmol ™' before it reaches the
most stable HNNH, structure with also the NH, group
coordinating to Fe6, 55 kJmol™' more stable than the initial
state with the proton on S5A.

Unfortunately, even if none of the individual barriers is
prohibitively high, the early part of proton-transfer path is
uphill and the highest net barrier (calculated from S5A(3))
is actually 114 kJmol . This is too high, compared to the net
reaction rate of nitrogenase, ~5 s, "> corresponding to a
barrier of ~70 kJmol™'. Owing to this prohibitively large
barrier, we looked for alternative paths. Several of these are
included in Figure 2 and paths with net barriers of 107 or
109 kJmol™" can be found, leading to an alternative HNNH,
product with a slightly different orientation, 4 kJmol ' less
stable than the one of the other path. We also tested
different variants of the method and the model (e.g. adding
an extra proton on S5A). The results of these calculations
are described in the Supporting Information. For the E;
intermediates, it turned out that more reasonable barriers
could be obtained for calculations with the B3LYP func-
tional, giving a maximum barrier of 80 kJmol~".

Next, we added an electron and a proton to the HNNH,
structure to study proton transfers for the Eg state. In this
case, protonation of S5A was 67 and 78 kJmol™' more
favourable than protonation of S3B and S4B. As can be
seen in Figure 3, the proton can be transferred from SSA to
Fe7 and, after some changes in the conformation, to Fe6 and
finally to the ligand, forming H,NNH, (hydrazine). The
individual barriers are 13-55 kJmol~'. However, because all
intermediate states are higher in energy than the initial

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Reaction and activation energies, as well as structures for proton transfers in the E; state without S2B bound to the cluster, from S5A, S4B
or S3B to the NNH, intermediate bound to Fe6 and Fe2, leading to a HNNH, product. Energies in black and red indicate that the BS10-147 and
BS7-235 states are most stable, respectively. S4B(7) differs from S4B in that the proton points towards Fe7, rather than towards Mo. Fe7(2) differs
from Fe7 in that the proton points towards Fe2, rather than towards S4B. In S3B(7) and S3B(6), the proton points towards Fe7 or Fe6, respectively.
Fe6(Mo) differs from Fe6 in that the proton points towards Mo, rather than towards Fe2 (sometimes called the exo and endo positions,
respectively).*****T HNNH, (3) differs from HNNH,(5) in that the added proton points towards S5A rather than S3A. A final prime in the name of
the structures (e.g. S3B(6)’) indicates that the NNH, substrate has changed its conformation so that the NH, group binds to Fe6 (while the other

N atom still bridges Fe2 and Fe6).

Figure 3. Reaction and activation energies, as well as structures for proton transfers in the E4 state without S2B bound to the cluster. Energies in
black and red indicate that BS10-147 and BS7-235 states are most stable, respectively. Fe7(5) differs from Fe7 in that the proton points towards

SS5A.

protonation of S5A, the net barrier is 138 kJmol™!, which is
prohibitively large. An alternative path involving protona-
tion of S3B has a slightly larger net barrier of 140 kJmol™".
Unfortunately, the barrier becomes even higher with
B3LYP, 162 kJmol™".

Next, we added an electron and a proton to the H,NNH,
structure, to study possible proton transfers for the E; state.
As for the E5 and Ej states, protonation of SSA was 67 and
83kJmol ' more stable than the S3B and S4B states.

Angew. Chem. Int. Ed. 2022, 61, €202208544 (3 of 9)

Figure 4 shows that the proton on S5A can be transferred to
Fe7 and, after some reorientations, to Fe6 and finally to
H,NNH,. However, the barriers for latter step is prohibitive,
153 or 213kJmol ™' relative to S5A(3) and the resulting
H,NNH,; states (bound to Fe2 or Fe6) are 135 or
166 kJmol ™' less stable than the starting SSA(3) state.
However, if the N-N bond is cleaved, a state with NH,
bridging between Fe2 and Fe6 and with NH; coordinated to
Fe6 is 188 kImol ' more stable than the best starting state.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Reaction and activation energies, as well as structures for proton transfers in the E; state without S2B bound to the cluster. Energies in
black and red indicate that BS10-147 and BS7-235 states are most stable, respectively.

Yet, to reach that state, barriers of 182-222 kJ mol ' need to
be passed. The B3LYP method also gives high barriers, at
least 215 kJmol .

Finally, we studied proton transfers within the Eg state,
starting from NH, bridging Fe2 and Fe6 (i.e. after dissocia-
tion of one NH; molecule). As usual, protonation of S5A(3)
was 72 and 60 kJ mol™' more favourable than protonation of
S4B and S3B. The results in Figure 5 show that the proton
on S5A can be transferred to Fe7 and, after some rotations,
further to Fe6, before it reaches NH,, forming the NH;
product. The individual barriers are rather small, 3-
51 kJmol ™!, but most of the steps are upwards, leading to a
net barrier of 77 kJmol™ for the transfer of the proton from
Fe7 to Fe6. An alternative path involving S3B has a net
barrier of 102 kJmol '. At the B3LYP level, the net barriers
are higher, at least 128 kJmol™', because Fe-bound hydride

ions are strongly disfavoured, compared to sulfur-bound
protons.

We have also performed similar calculations for struc-
tures with S2B remaining bound to the FeMo cluster. In that
case, the binding site of the substrate is less clear. In our
previous studies, we found that binding to Fe2 or Fe6 is
thermodynamically most favourable for the E, state,***! in
agreement with mutation studies."” For the E; state, binding
of H,NNH, to Fe6 is at least 54 kJmol™' more stable than
any state binding to Fe2.”” When binding to Fe6, the
substrate can form hydrogen bonds to His-195, Gln-191 and
the homocitrate ligand. Moreover, homocitrate may con-
stitute a proton buffer, by donating a proton to the
substrate, thereby stabilising certain protonation states, in
particular H,NNH, and NH;. Consequently, we considered
only states with the substrate bound to Fe6.

Figure 5. Reaction and activation energies, as well as structures for proton transfers in the E, state without S2B bound to the cluster. Energies in
black and red indicate that BS10-147 and BS7-235 states are most stable, respectively.

Angew. Chem. Int. Ed. 2022, 61, €202208544 (4 of 9)
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First, we studied the Es state. We started from the Fe6-
HNNH, structure, which was our most favourable E,
structure™ and aimed for the Fe6-H,NNH, structure, which
was the most stable Es structure. In both cases, the substrate
has abstracted a proton from homocitrate. The suggested
proton-transfer path is shown in Figure 6. As usual, proto-
nation of S5A is more favourable than protonation of S4B
or S3B by 70 and 32 kI mol ', respectively.

The proton on SS5A or S4B can be transferred to Fe7
(with barriers of 2 or 43 kJmol™"), then to S3B (35 kJmol™
barrier) and after a change in conformation (28 kJmol™'
barrier), the proton can be transferred to the substrate
(30 kJmol ! barrier). The resulting H,NNH, intermediate is
123 kJmol ™' more stable than the starting SSA(3) structure.
Figure 6 also shows some alternative paths, involving Fe6
and other product states. The highest barrier along the
entire proton-transfer reaction path is 83 kJmol™ (for the
rotation of the proton at S3B). This is slightly higher than
the turnover rate of the enzyme. However, considering the

43
S3B(6)
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approximations involved in the calculations (approximate
transition states, no entropies, no tunnelling) and the known
DFT-functional sensitivity of energetic result for
nitrogenase,™”) the result is acceptable.

Next, we studied the transfer of a proton in the Eq state.
Since the most stable intermediate of both the Es and Eg
states have H,NNH, bound to Fe6, we expected the proton
to end up on the alcohol oxygen of homocitrate. The results
are shown in Figure 7. As usual, protonation of SSA was
more favourable than protonation of S4B or S3B (by 59 and
43 kI mol ', respectively). From S5A or S4B, the proton can
be transferred to Fe7 (barriers of 12 or 52 kJmol ™), then to
S3B (34 kJmol ') and it many then change its conformation
to point towards Fe6 (26 kI mol ™' barrier).

From this conformation, there are several possible paths.
First, it can be transferred directly to homocitrate, passing a
barrier of 56 kJmol™' and giving the most stable product,
which is 54 kJmol ' more stable than the starting S5A(3)
state. However, the maximum net barrier (for the last

= NF#NH,
v H NNH, il

¢

Figure 7. Reaction and activation energies, as well as structures for proton transfers in the E, state with S2B remaining bound to the cluster, from
S5A, S4B or S3B to the H,NNH, intermediate bound to Fe6, leading to H,NNH, or NH, product. In the H,NNH, structure, the extra proton has
been transferred to homocitrate.

Angew. Chem. Int. Ed. 2022, 61, €202208544 (5 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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proton transfer) is prohibitively high, 98 kJmol™". Second,
the proton can be transferred to the substrate, giving
H,NNH; with the homocitrate still deprotonated. It has a
lower barrier of 36 kJmol ™', but the product is 18 kJmol ™
less stable than the H,NNH, isomer. Third, the proton may
be transferred to Fe6 with a barrier of only 4 kJmol™' and
then to S2B with a barrier of 7 kJmol . Finally it can be
transferred to the substrate (again forming H,NNH;) with a
barrier of 71 kJmol . Thus, this third pathway has a slightly
lower barrier than the second path, and both are dominated
by the net barrier of forming S3B(6) from S3B(7), which is
84 kJmol™' above SS5A(3). However, Fe6 can also be
reached via Fe7 with a slightly lower net barrier of
78 kJmol .

Interestingly, the N-N bond in H,NNHj; can be cleaved
with a barrier of 65kJmol™', forming a product with NH;
dissociated from the FeMo cluster and NH, coordinated to
Fe6 (and homocitrate still deprotonated). This state is only
4kJmol™' less stable than the H,NNH, isomer (with
homocitrate protonated). According to the activation bar-
riers, this is actually the preferred path for the Eg state, since
the barrier forming the H,NNH, product is 14 kJmol™
higher than that forming the NH;+NH, product. Thus, we
can conclude that this reaction is possible with a maximum
barrier of 78 kJmol .

Next, we considered proton-transfer reactions for the E;
state. We started from two different structures, viz. with
either H,NNH, or NH, bound to Fe6. According to the
previous paragraph, the latter should be the proper starting
state, but since hydrazine (H,NNH, is a known substrate of
the enzyme, the former reaction should also be possible and
was therefore also tested.

Possible proton-transfer reactions from the sulfide ions
to H,NNH, are shown in Figure 8. Protonation of S5A is 57
and 29 kJmol ™' more stable than protonation on S4B and
S3B. The proton on SSA or S4B can first be transferred to
Fe7 with barriers of 16 or 38 kJmol . The proton can then
be transferred to S3B with a barrier of 60 kJmol . This
proton can rotate to point towards Fe6 with a barrier of only
11 kJmol™', leading to a stabilisation by 46 kJmol~". Then,

75
S3B(7)

Fer()
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the proton can be transferred successively to Fe6, S2B and
finally to the substrate, passing barriers of 20, 24 and
31 kJmol™!, with reaction energies of -5, —24 and
—19 kImol ™. The product is the H,NNH; intermediate, but
it does not directly coordinate to the cluster. Therefore, the
barrier for the cleavage of the N-N is rather high,
91 kImol~". The net barrier of the reaction (for the isomer-
isation of the S3B-protonated state) is 86 kJmol . However,
there is also an alternative path, involving another con-
formation of the proton on Fe7 (Fe7(2), i.e. with the proton
pointing towards Fe2) and with no proton transfer to S3B,
giving a lower net barrier of 74 kJmol™ (also shown in
Figure 8).

Then, we studied the protonation of NH, to NH; in the
E, state (in this case, the substrate has abstracted the
hydroxyl proton from homocitrate). The results in Figure 9
show that protonation of S5A is 68 and 34 kJmol™' more
favourable than protonation of S4B and S3B. The proton
can be transferred to Fe7 with a barrier of 57 kJmol ™. After
a rotation of the proton (15kJmol™' barrier), it can be
transferred to S3B with a barrier of 28 kJmol™'. After
another rotation (with a barrier of 18 kJmol™), the proton
can be transferred to NH,, passing a barrier of only
6 kJmol™". This step is strongly exothermic (229 kJmol™").
The net barrier of the full reaction (compared to the state
protonated on SS5A) is 73 kJmol ™, for the rotation of the
proton on S3B.

Finally, we studied the transfer of a proton from the
sulfide ions to NH; in the E; state (again, with a proton
abstracted from homocitrate). The results in Figure 10 show
that it is 51 or 47 kJmol™ more favourable to have the
proton on S5A than on S4B or S3B. The proton can be
transferred to Fe7 with a barrier of 2-47 kJmol ™. After a
rotation (29 kImol ' barrier), it can be transferred to Fe6
(34 kJmol ™' barrier) and then to S2B (with a barrier of
11 kJmol™") before it can move to NH; with a barrier of
49 kJmol~'. The product is NH,*, which dissociates from
Feb6. The highest effective barrier of the reaction (relative to
protonated S5A) is 69 kI mol ™" for the transfer of the proton

NHz+NH;

Figure 8. Reaction and activation energies, as well as structures for proton transfers in the E; state with S2B remaining bound to the cluster, from
S5A, S4B or S3B to the H,NNH, intermediate bound to Fe6, leading to a NH, product.
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Figure 9. Reaction and activation energies, as well as structures for proton transfers in the E; state with S2B remaining bound to the cluster, from
S5A, S4B or S3B to the NH, intermediate bound to Fe6, leading to a NH; product.

Figure 10. Reaction and activation energies, as well as structures for proton transfers in the E; state with S2B remaining bound to the cluster. In the

S3B(HCA) structure, the extra proton points towards homocitrate.

from Fe7(2) to Fe6. There are several other possible paths
with slightly higher barriers shown in Figure 10.

Conclusion

In this investigation, we have studied proton transfers within
the FeMo cluster, assuming that the proton enters on either
S3B, S4B or SSA, and is then transported to the substrate
via the sulfide and Fe ions. Interestingly, we find that the
net barriers for the proton transfers are in general higher
when S2B has dissociated from the cluster than if S2B
remains bound. In fact, in the former case, the maximum
barriers are prohibitively large (107-213 kJmol™') for the
Es-E; levels. When S2B remains bound, the maximum
barriers are lower, 69-83 kI mol~'. We have checked that the
barriers cannot be lowered by relaxing the surrounding of
the QM system or by using another DFT method. Thus, our
results provide a strong argument against the dissociation of
S2B.

Angew. Chem. Int. Ed. 2022, 61, €202208544 (7 of 9)

For all E, levels, protonation of SSA is always 29-
98 kJmol™' more favourable than protonation of S4B and
S3B. States with Fe7 and Fe2 are also 16-74 kJmol™ less
stable. This shows that even if the proton initially is
delivered to S3B, as Dance suggested, it would rapidly be
transferred to SSA, which is thermodynamically more stable
and the barriers for such a transfer is typically not higher
than those involving a transfer towards the substrate.

However, a problem with the stable SSA protonation is
that it becomes a thermodynamic sink for the reactions,
increasing the effective barriers for the proton-transfer
reactions. The individual barriers for the proton-transfer
and proton-rotation reactions are typically 6-67 kI mol™" for
the seven paths in Figures2-10. The highest individual
barrier is typically observed for the first step of the path (i.e.
moving the proton from SSA to Fe7) or the last step
(moving the proton to the substrate). This corresponds to
rates that are faster than the net reaction rate of nitro-
genase. However, if the barriers are compared to the SSA
state, the maximum effective barriers increase to 69—

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 11. Relative energies for the proton-transfer reactions at the various E, states with and without S2B bound. As shown in Figures 2-10, there
are often multiple possible paths, but this figure shows only the most favourable ones (those with the lowest net barriers). Alternative paths,
inspired by the results for the other E, states were also tested, but sometimes failed owing to subtle differences in the structures.

83 kJmol™' (with S2B bound), which are higher than the
experimental reaction rate. The reason for this may be that
proton tunnelling has not been considered, that the
transition states are approximate, that no entropy and
thermal effects are considered and that TPSS may not give
accurate results for such reactions. However, an alternative
explanation may be that SS5A actually is always protonated
throughout the reaction mechanism of nitrogenase. We have
tested such reactions for one state and found that the
barriers are indeed reduced by 16 kI mol ™' (discussed in the
Supporting Information).

Dance also studied proton-transfer reactions within the
FeMo cluster.?¥~"l However, he never studied transfers to
or from S5A and therefore did not observe its high stability.
Consequently, he underestimated the barriers. S3B is in the
middle of our reaction mechanisms, 29-69 kJmol ' above
the S5A(3) state. The barriers backwards to S5A are always
lower than those forwards towards the substrate.

When S2B is bound, the energies of the various
intermediates and transition state vary by only 4-20 kJ mol ™!
between the E; to Ej states (cf. Table S3), except for the last
step. Two competing pathways are observed, either via
S3B(7) and S3B(6) or via Fe7(2). Most pathways involve the
transfer of the proton from S2B to the substrate.

When S2B has dissociated, the variation in the energies
is larger and the barriers are higher. The same two pathways
are observed but the proton needs to be transferred directly
from Fe6 to the substrate (because S2B has dissociated).
Figure 11 compares the energies with and without S2B.
They are similar in the early steps but differ at the end.
When S2B is present, it is normally used for the final
transfer of the proton to the substrate. When it is not

Angew. Chem. Int. Ed. 2022, 61, €202208544 (8 of 9)

present, the final proton transfer to the substrate is often
problematic, in three cases leading to prohibitively large
barriers. This explains why the proton transfers are signifi-
cantly higher if S2B has dissociated than if S2B is still bound
to the cluster.

We have tried to gain further understanding how the
surrounding protein affects the proton transfers by dividing
the total QM/MM energy into components from MM and
from the point-charge model, indicating the importance of
steric and electrostatic effects from the surrounding protein
and solvent, outside the QM system. The MM energy
correction is quite small (—=11 to 15kJmol™'), with a
distribution that is only slightly biased to positive values
(average 2 kImol™). It often increases slightly as the proton
approaches the substrate.

On the other hand, the point-charge model has a quite
large influence on the relative reaction energies, by —18 to
84 kJmol™'. It is positive for most intermediates and
transition states (average 28 kJ mol "), indicating that proto-
nation of S5A is more favoured by the electrostatics of the
surrounding than the other protonation states.
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ABSTRACT: Nitrogenase is the only enzyme that can cleave the triple

such half-dissociated states are unfavorable. We have examined how the
relative energies of 26 structures of the E, state depend on details of
combined quantum mechanical and molecular mechanical (QM/MM) (X Hes
calculations. We show that the selection of the broken-symmetry state, g5

the basis set, relativistic effects, the size of the QM system, relaxation of

the surroundings, and the conformations of the bound protons may affect the relative energies of the various structures by up to 12,
22,9, 20, 37, and 33 kJ/mol, respectively. However, they do not change the preferred type of structures. On the other hand, the
choice of the DFT functional strongly affects the preferences. The hybrid B3LYP functional strongly prefers doubly protonation of
the central carbide ion, but such a structure is not consistent with experimental EPR data. Other functionals suggest structures with a
hydride ion, in agreement with the experiments, and show that the ion bridges between Fe2 and Fe6. Moreover, there are two
structures of the same type that are degenerate within 1—5 kJ/mol, in agreement with the observation of two EPR signals. However,
the pure generalized gradient approximation (GGA) functional TPSS favors structures with a protonated S2B also bridging Fe2 and
Fe6, whereas ’'SCAN (meta-GGA) and TPSSh (hybrid) prefer structures with S2B dissociated from Fe2 (but remaining bound to
Fe6). The energy difference between the two types of structure is so small (7—18 kJ/mol) that both types need to be considered in
future investigations of the mechanism of nitrogenase.

bond in N,, making nitrogen available for all lifeforms. Previous Vo &
computational studies have given widely diverging results regarding the ;‘;».’ ) . B ETE
reaction mechanism of the enzyme. For example, some recent studies il < _ ] tmescn
have suggested that one of the y,-bridging sulfide ligands (S2B) may ) g HEM' § »
dissociate from one of the Fe ions when protonated in the doubly ( A s £
reduced and protonated E, state, whereas other studies indicated that 1\ &> % 15

B35 7 10

& Ll

853

H INTRODUCTION

Nitrogenases (EC 1.18/19.6.1) are the only group of enzymes
that can cleave the inert triple bond in N,, making atmospheric
nitrogen available for all lifeforms." ™ Crystal structures have
shown that the active site of Mo-nitrogenase is a complicated
MoFe,S,C(homocitrate) cluster (the FeMo cluster), which is eac

spectroscopic studies have indicated that the enzyme needs to
be reduced four times (from E, to E,) before N, can bind
through reductive elimination of H,."”"'™" Electron nuclear
double resonance (ENDOR) experiments suggest that the E,

state contains two hydride ions that bridge a pair of Fe ions
B2 141

bound to the protein with one His and one Cys residue
(Figure 1).*™% Alternative nitrogenases also exist with the Mo
ion replaced with either vanadium or iron, but they have lower
activities toward N,.”

The nitrogenase reaction requires 16 ATP molecules to
convert one N, molecule to two NH; molecules:'™

N, + 8¢ + 8H" + 16ATP
— 2NH; + H, + 16ADP + 16P, (1)

In addition, H, seems to be a mandatory byproduct. The
reaction consumes eight electrons and protons. It is normally
assumed that each reduction of the cluster leads to the uptake
of one proton. Therefore, the reaction is normally described by
eight intermediates, Ey—E,, differing in the number of added
electrons and protons.10 Extensive biochemical, kinetic, and

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

Nitrogenase has also been extensively studied by computa-
tional methods.'® Unfortunately, they have suggested very
disparate reaction mechanisms. In fact, they do not even agree
on the structure of the key E, state.”'*™*° Structures have been
suggested with the central carbide ion triply protonated or
various combinations of protonated sulfide and iron ions (both
bridging and terminal). Even for structures with two bridging
hydride ions, the suggested models differ in what iron ions are
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|Phe-381

His-195

Arg-277

Ser-278

Figure 1. (a) Structure of the FeMo cluster (B33 structure), also illustrating the QM system used in the calculations, as well as nearby residues. (b)

The FeMo cluster with atom names indicated.

involved (typica]ly Fe2/Fe6, Fe3/Fe7, or Fe 4/FeS, but
possibly the same pair for both hydrides; atom names are
indicated in Figure 1b), the position of the hydride ion relative
to the y,-bridging sulfide ions, and whether the latter remains
bound or not. An important reason for this discrepancy is that
different DFT method give relative energies of different
protonation states that can differ by over 600 kJ/mol,
depending mainly on the amount of Hartree—Fock exchange
in the method.”

A way to sort out these problems is to study simpler states
with a lower number of possibilities. Most computational'®*”
and experimental’®*” studies agree that the E, state involves
the protonation of the S2B ,-bridging sulfide ligand of the
FeMo cluster (but a recent experimental study of Fe-
nitrogenase instead suggested a hydride ion®").

However, for the E, state, the predictions of different DFT
methods start to diverge. Pure generalized gradient approx-

imation (GGA) functionals suggest that the second proton
binds to a Fe ion.”” Thereby, it formally forms a hydride ion
and brings the oxidation state of the cluster back to that of the
resting E, state, explaining why the same source of the
electrons can be used for all E, states.”’ Experimentally, the E,
state has been studied by electron paramagnetic resonance
(EPR) spectroscopy.”> ** Two signals are observed, which
have been interpreted as structures that both contain a hydride
ion bound to one or two Fe ions. The two structures are nearly
degenerate (within 4—8 kJ/mol) and isomerization between
them involves some structural relaxation of the surroundings of
the FeMo cluster.

Recently, several groups have suggested that the protonated
S2B ligand may dissociate from one of its two Fe ions (Fe2 or
Fe6).”%**7% In particular, Thorhallsson and Bjornsson (T&B)
performed a study of the E, state of the FeMo cluster with the
TPSSh functional*® They compared the relative energies of 18

https://doi.org/10.1021/acs.inorgchem.2c02488
Inorg. Chem. 2022, 61, 18067—18076
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Figure 2. Sixteen of the 26 structures of the E, state investigated in this work (all 26 structures are shown in Figure S2 in the Supporting

Information).

different states, involving protonation of either the three y,
bridging sulfide ions, the Fe ions, or the central carbide. With a
QM/MM model, the most favorable structures had either the
two protons on S2B and SSA, or a bridging hydride between
Fe2 and Fe6 and a proton on S2B, which had dissociated from
Fe2.

These results are quite different from what we obtained from
a systematic study of ~40 different protonation states of E,, all
with a proton on $2B:*” With the TPSS functional, states with
a bridging hydride ion between Fe2 and Fe6 (with the
protonated S2B ligand still binding to both Fe2 and Fe6) were
most stable and the two states with the hydride ion on either
side of S2B differed by only 2 kJ/mol. However, a state with a
terminal hydride ion on Fe$ was only 3 kJ/mol less stable. On
the other hand, states with the second proton on SS5A
(pointing either toward S2B or S3A) were 30 and 37 kJ/mol
less stable. No states with the protonated S2B dissociated from
either Fe2 or Fe6 were observed, but they were not
systematically explored.

Since half-dissociated S2B states have repeatedly been
suggested to be involved in the reaction mechanism of
nitrogenase,”** ™’ it is important to sort out whether these
discrepancies in the computational predictions are caused by
the QM model used, the DFT method or by other details in
the calculations. Therefore, we here perform a systematic study
of 26 different E, structures at different levels of theory.

B METHODS

The Protein. The calculations were based on the 1.0-A crystal
structure of Mo nitrogenase from Azotobacter vinelandii (PDB code
3U7Q).° The setup of the protein is identical with that of our
previous studies.”””**** The entire heterotetramer was considered in
the calculations, and the quantum mechanical (QM) calculations were
concentrated on the FeMo clusters in the C subunit, because there is
a buried imidazole molecule from the solvent rather close to the active
site (~11 A) in the A subunit. The two P clusters and the FeMo
cluster in subunit A were modeled by MM in the fully reduced and
resting states, respectively, using a QM charge model.** The
protonation states of all residues were the same as before,”> and the
homocitrate ligand was modeled in the singly protonated state with a
proton shared between the hydroxyl group (O7 that coordinates to
Mo) and the O1 carboxylate atom™>*’ (all structures give two H-O
distances of ~1.1 and ~1.4 A; sometimes the proton is closer O1,
sometimes O7, and when both structures can be found, they are
typically degenerate within a few kJ/mol*>*’). The protein was
solvated in a sphere with a radius of 65 A around the geometrical
center of the protein. CI~ and Na' ions were added to an ionic
strength of 0.2 M.*' The final system contained 133 915 atoms. For
the protein, we used the Amber ff14SB force field,"” and water
molecules were described by the TIP3P_modeI.43 The metal sites”**
were treated by a nonbonded model,” and charges were obtained
with the restrained electrostatic potential method.™

The FeMo cluster was modeled by MoFe,;S,C(homocitrate)-
(CH,S)(imidazole), where the two last groups are models of Cys-275
and His-442. In addition, all groups that form hydrogen bonds to the
FeMo cluster were also included in the QM model, viz. Arg-96, Gln-

https://doi.org/10.1021/acs.inorgchem.2c02488
Inorg. Chem. 2022, 61, 18067—18076
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191 and His-195 (side chains), Ser-278 and Arg-359 (both backbone
and side chain, including the CA and C and O atoms from Arg-277),
Gly-356, Gly-357 and Leu-358 (backbone, including the CA and C
and O atoms from Ile-355), as well as two water molecules. Finally,
the side chain of Glu-380 was included because it forms hydrogen
bonds to GIn191 and His-442, as well as the side chains of Val-70 and
Phe-381 because they are close to S2B, Fe2 and Fe6, i.e., the prime
binding sites of the two added protons or hydride ions. The QM
system involved 191 atoms and is shown in Figure la. The net charge
of QM region was —4 e. In one set of calculations, we instead used the
same QM model as T&B,*® which contains 144 atoms and is shown
in Figure S1 in the Supporting Information (the net charge is still —4
e).
QM Calculations. All QM calculations were performed with the
Turbomole software (version 7.5).” All structures were studied with
the TPSS,** TPSSh,*” B3LYP,*"~** and *SCAN®" functionals with
the def2-SV(P) basis set.”* In one set of calculations, we instead used
the def2-TZVPD basis set.”® The calculations were sped up by
expanding the Coulomb interactions in an auxiliary basis set, the
resolution-of-identity (RI) approximation.””*’ Empirical dispersion
corrections were included with the DFT-D4 approach,®® as
implemented in Turbomole.

This investigation concentrates on the E, state of the FeMo cluster.
Thus, we added two electrons and two protons to the resting E, state,
which is at the formal Mo™FelFel! oxidation state.'”*****? It was
studied in the quartet spin state, in agreement with experiments.*>>*
Twenty-six different positions of the added protons were tested, as
will be discussed below.

The electronic structure of all QM calculations was obtained with
the broken-symmetry (BS) approach:® Each of the seven Fe ions was
modeled in the high-spin state, with either a surplus of a (four Fe
ions) or f3 (three Fe ions) spin. Such a state can be selected in 35
different ways.”” The various BS states were obtained either by
swapping the coordinates of the Fe ions®' or with the fragment
approach by Szilagyi and Winslow.®> The various BS states are named
by listing the number in the Noodleman nomenclature (BS1-10),°
followed by the numbers of the three Fe ions with minority spin.

QM/MM Calculations. QM/MM calculations were performed
with the ComQum software.>** In this approach, the protein and
solvent are split into three subsystems: System 1 (the QM region) was
relaxed by QM methods. System 2 contained all residues and water
molecules with at least one atom within 6 A of any atom in system 1
and it was optionally relaxed by MM. It included residues 59, 61, 62,
65—74, 92, 95-98, 191—-199, 226-231, 234, 235, 253—25S, 273—
282, 300, 353—355, 358—364, 377—383, 385, 386, 401 422—427,
438, 440—444, 450, and 450 from subunit C and residues 97, 98, 101,
and 105 from subunit D, in total 1488 atoms from 87 residues and 35
water molecules). Finally, system 3 contained the remaining part of
the protein and the solvent, and it was kept fixed at the original
coordinates (equilibrated crystal structure, to avoid the risk that
different calculations end up in different local minima).

In the QM calculations, system 1 was represented by a wave
function, whereas all the other atoms were represented by an array of
partial point charges, one for each atom, taken from the MM setup.
Thereby, the polarization of the QM system by the surroundings is
included in a self-consistent manner (electrostatic embedding). When
there is a bond between systems 1 and 2 (a junction), the hydrogen
link-atom approach was employed: The QM system was capped with
hydrogen atoms, the positions of which are linearly related to the
corresponding carbon atoms (carbon link atoms, CL) in the full
system.”>* All atoms were included in the point-charge model,
except the CL atoms.®® ComQum employs a subtractive scheme with
van der Waals link-atom corrections.”” No cutoff is used for the QM
and QM—-MM interactions. However, for the optional MM
optimization of system 2, a 30-A cutoff for the nonbonded
interactions had to be used. The geometry optimizations were
continued until the energy change between two iterations was less
than 2.6 J/mol (107° a.u.) and the maximum norm of the Cartesian
gradients was below 107 a.u.

B RESULTS AND DISCUSSION

Relative Energies of Different Protonation States at
the TPSS — BS7-235 Level. In this investigation, we have
examined 26 different possible structures for the E, state,
differing in the positions of the two added protons. We
examined six types of structures (illustrated in Figure 2):

1. With a hydride ion bridging the Fe2 and Fe6 ions and
the second proton on S2B, which is also bridging Fe2
and Fe6. The proton on S2B can point in two directions,
viz. toward either S3A or SSA, called B3 and BS.
Likewise, the hydride ion can be on either side of S2B
(viz. on the same side as either S3A or SSA), giving the
second number in our structure code, e.g., B35. The four
conformations are shown in Figure 2. T&B called this
type of structures bH(2,6)-CBS(S2B) and considered
only three of the four conformations (not BS3).

2. With a hydride ion bridging the Fe2 and Fe6 ions and a
protonated S2B that is binding only to either Fe2 or Fe6.
Thus, S2B is half-dissociated and the structures are
called H2 and H6, depending on which Fe ion S2B still
binds to. A second letter indicates whether the proton
points toward Fel, Mo, or a sulfide ion (F, M, or S; e.g,,
H2F). The four structures are shown in Figure 2. T&B
called these structures bH(2,6)-OBS(2) or bH(2,6)-
OBS(6) for H2S and H6S and considered only three of
the four conformations (not H2S).

. With two terminal hydride ions, one on Fe2 and the

other on Fe6 (called D26 and shown in Figure 2). The

hydride ions always bind trans to the central carbide ion.

With a terminal hydride ion on either Fe2 (T2) or Fe6

(T6) and a protonated and bridging S2B. Again, the

proton on S2B can point in two directions, viz. toward

either S3A or SSA, giving the second number in our

structure code, e.g,, T23, cf. Figure 2.

. With no hydride ions, but instead the two protons on
either S2B, S3A, or S5A. Each proton can point in two
directions, viz. toward the other two of these three y,
sulfide ions. The structures are named with a N (no
hydride) followed by two pairs of numbers, the first
indicating which sulfide is protonated and the second
indicating the direction of that proton, e.g, N2532,
indicating that S2B has a proton pointing toward SSA
and S3A has the other proton pointing toward S2B (four
examples are shown in Figure 2). T&B called these
structures noH—CBS(S2B,S3B) and similar. They
considered only four out of the 12 possible combina-
tions and conformations.

6. With the two protons on the central carbide ion (C2).
We considered only the state with the two protons
directed toward the Fe2—Fe3—Fe6—Fe7 and Fe3—Fe4—
FeS—Fe7 faces of the cluster (shown in Fi%ure 2), which
was most favorable in our previous study.”’

We have not studied states with S2B fully dissociated,
because it is hard to accurately compare the energies of states
with and without S2B, owing to uncertainties in the
protonation state of S2B and the FeMo cluster, as well as
the location of S2B after dissociation.

We first studied the 26 structures with TPSS-D4 and the BS-
2385 state. The results are shown in Table 1. It can be seen that
the most stable structure is B33, i.e., with a bridging hydride
between Fe2 and Fe6 on the side facing S3A and with the
other proton on S2B (remaining bound to both Fe2 and Fe6),

w

b

w
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Table 1. Relative Energies (kJ/mol) of the 26 Structures,
Calculated with TPSS and the BS7-235 State”

Structure TPSS TPSSh**
B33 0.0 19.4
B3S 12.2 20.1
BS3 42
BSS 32.9 37.5
H2F 75.1 35.0
H2S 83.9
H6M 152 0.3
H6S 13.2 1.4
D26 13.3 37.3
T23 17.4 25.0
T25 46.2 33.0
Té63 25.7 282
Té6s 372 35.3
N2352 35.5
N23s53 25.1 0.0
N2552 46.2
N2553 33.6 14.1
N2332 58.1
N2335 53.5
N2532 72.7 68.7
N2535 63.7
N3252 79.6
N3253 72.6 48.4
N3552 76.7
N3553 70.5
C2 138.8

“The third column shows the corresponding results from the T&B
article (relative QM/MM energies with His-19S protonated on NE2
from Table S2), obtained with TPSSh.*®.

also pointing toward S3A. The structure with the S2B proton
pointing in the opposite direction (BS3) is only 4 kJ/mol less
stable. Structures with the hydride bridge on the other side of
S2B are 12 kJ/mol less stable than B33 if the S2B proton
points toward S3B (B3S), whereas if the S2B proton points in
the opposite direction (BSS), the structure is 33 kJ/mol less
stable.

We tested four structures with a half-dissociated protonated
S2B ligand. The two structures with S2B dissociated from Fe6
are strongly unfavorable, 75—84 kJ/mol less stable than the
B33 structure. However, the two structures with S2B
dissociated from Fe2 are more stable, only 13—15 kJ/mol
less stable than our best structure.

The structure with two terminal hydride ions on Fe2 and
Fe6 (D26), as well as one structure with a terminal hydride ion
on Fe2 (T23) are also competitive, 13 and 17 kJ/mol less
stable than B33, respectively. However, the other structures
with a terminal hydride on Fe2 or Fe6 are less stable, 26—46
kJ/mol worse than B33.

The 12 structures with both protons on the p, bridging
sulfide ions (S2B, SSA, or S3A) are unfavorable. The best is
N2353 (with S2B and SSA protonated, both protons pointing
toward S3A), 25 kJ/mol less stable than B33. Structures with
S2B and S3A protonated are worse, and those with S3A and
SSA are worst, 71—80 kJ/mol less stable than B33, indicating
that the preference of protonation follow the order S2B > SSA
> S3A.

Finally, we also tested the C2 structure with a doubly
protonated carbide ion. However, with TPSS it is strongly
unfavorable, 139 kJ/mol higher in energy than B33.

These results are quite similar to what was found in our
previous stucly,27 e.g, that the structure with a Fe2/6 bridging
hydride and S2B protonated are most stable, better than
structures with a terminal hydride or two protonated sulfide
groups. However, the relative energies differ by up to 12 kJ/
mol, owing to differences in the QM model and the BS state.

Table 1 includes also the results from T&B.** It can be seen
that the results diverge quite strongly from ours (by up to 40
kJ/mol). They reported three structures that are lowest in
energy and nearly degenerate (within 1.4 kJ/mol), viz. one
structure with S2B and SSA protonated (in our nomenclature
N2353) and two structures with a bridging hydride ion and a
protonated half-dissociated S2B (H6M and H6S). In our
calculations these structures are 13—25 kJ/mol less stable than
the best B33 structure. Likewise, T&B reported that the
structures with both the hydride ion and S2B bridging Fe2 and
Fe6 (they studied B33, B3S, and BSS) are 19—37 kJ/mol less
stable than the N2354 structure. Naturally, such qualitative
differences are alarming, considering that both studies use
similar QM/MM methods. In the following sections, we
examine possible reasons for this discrepancy.

Effect of the BS States. T&B tested four different BS
states for their structures, viz. the three BS7 states (BS7—235,
BS7—247, and BS7—346) and the BS10—147 state.*” Still,
energies for all four states are reported only for five structures,
whereas only one state is reported for ten of the 24 structures
studied. We decided to do a full BS investigation of all 35 BS
states for one structure of each of the six types of structures
mentioned above (and also for one of each of the three
combinations of protonation of either S2B, S3A, and SSA, as
well as for all four structures with half-dissociated S2B). For
the other three structures of the same type, we investigated at
least the BS7—235, BS7—247, BS7—346, and BS10—147 states
and possibly additional states that were found to be low in
energy for similar structures in the full investigation. In total
437 BS states were obtained with the TPSS-D4 functional for
the 26 structures. The relative energies and Mulliken spin
populations of the metal ions are listed in Table SI.

Table 2 shows the relative energies of the best BS state for
the 26 different structures (second column). It can be seen that
in most cases the change in relative energies is quite small, up
14 kJ/mol (20 kJ/mol for C2). Table 2 also shows the
optimum BS state (third column). For 20 of the structures, it is
one of the three BS7 states (but BS7—235S in only five cases).
BS6—157 is most stable for the two half-dissociated H2F and
H2S structures, whereas the BS2—234, BS8—347, BS10—127,
and BS10—147 states are most stable for one structure each
(D26, T6S, N2532, and C2, respectively). In general, there are
several BS states within 7 kJ/mol of the best one.

Most importantly, it can be seen from Table 2 that the BS-
state investigation does not solve the discrepancy between our
results and those of T&B: The B-type structures with both the
hydride ion and the protonated S2B bridging Fe2 and Fe6 are
lowest in energy, with B3S best, S, 8, and 23 kJ/mol below
B33, BS3, and BSS. D26 (with two terminal hydrides) is 15 kJ/
mol less stable than B3S. The two structures with S2B
dissociated from Fe2 (H6M and H6S) are 18—20 kJ/mol
higher in energy than B3S, whereas the two structures with
S2B dissociated from Fe6 are appreciably less stable (74—84
kj/mol). The best structure with one terminal hydride ion

https://doi.org/10.1021/acs.inorgchem.2c02488
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Table 2. Relative Energies (kJ/mol) of the 26 Different Structures, Calculated with Different Methods®

TPSS B3LYP TPSSh *SCAN

Structure NY% TZ re. T&B Relax MY N NY
B33 S.1 235 5.3 0.0 11.7 25.4 119.7 10.8 157 31.7 247
B3S 0.0 247 1.2 5.0 0.0 0.0 117.8 6.8 147 16.4 235
BS3 8.4 346 0.0 8.5 17.4 4.8 136.1 242 346 343 247
BSS 22.6 247 202 29.0 232 24.1 138.0 26.7 147 39.5 235
H2F 744 157 722 71.9 80.8 56.4 196.9 71.2 235 78.6 346
H2S 83.5 157 78.8 82.8 83.8 66.6 198.7 784 135 82.3 346
He6M 20.3 235 23.8 14.5 20.3 44.0 82.8 2.7 235 1.3 235
H6S 183 235 20.2 12.7 19.3 434 80.7 0.0 235 0.0 235
D26 18.3 234 10.6 6.6 16.1 38.6 181.4 45.3 235 44.5 235
T23 22.5 235 11.3 13.9 239 249 123.8 313 346 42.9 157
T25 39.8 247 273 37.7 40.8 32.6 138.1 41.7 346 50.6 157
T63 29.1 247 382 25.6 34.7 33.9 130.6 30.2 235 48.4 235
T6S 419 347 35.9 39.1 45.6 35.7 134.4 41.0 235 58.1 235
N2352 29.9 247 16.6 30.3 39.0 31.6 99.8 21.5 247 52.7 247
N2353 18.2 346 26.1 16.8 30.0 19.3 86.6 14.2 346 46.6 147
N2552 48.0 247 33.7 SL.6 63.2 42.8 113.6 38.8 346 59.2 346
N2553 29.7 346 37.6 31.8 40.6 44.3 95.8 221 247 49.0 346
N2332 57.9 247 36.4 66.1 66.7 61.8 1159 50.0 247 68.7 235
N2335 49.8 346 43.5 58.0 62.1 86.6 74.0 27.8 235 60.0 147
N2532 71.8 127 121.2 792 114.0 97.8 124.3 45.0 235 76.2 235
N2535 61.6 346 56.8 72.5 71.4 63.5 104.0 47.4 346 69.1 346
N3252 84.6 235 65.4 86.3 98.8 90.6 150.9 82.3 346 96.1 346
N3253 75.1 346 63.4 81.6 84.6 82.3 129.3 66.5 247 84.7 346
N3552 75.8 346 60.2 84.6 86.5 80.9 132.1 64.9 247 86.8 346
N3553 61.7 346 47.6 712 73.0 65.0 122.6 56.1 346 75.6 346
Cc2 143.8 147 153.6 155.7 164.3

146.4 0.0 (-27.2) 27.6 147 107.9 147
b

“Four different DFT methods were used, TPSS, B3LYP, TPSSh, and r*SCAN. All results were obtained with the def2-SV(P) basis set (SV), except
those in the TZ column, which used the def2-TZVPD basis sets. In the r.e. column, relativistic effects were included. The “T&B” column shows the
results with the smaller QM system used by T&B (still with TPSS). The “Relax” column shows the results obtained with the surrounding protein
and water (within 6 A of the QM system) allowed to relax by MM (also with TPSS). For TPSS, TPSSh, and r*SCAN, an investigation of the best
BS state was performed and the best BS state is given after the energy, described by the three Fe ions with minority spin. The TZ, r.e.,, T&B, Relax,
and B3LYP results were obtained for the same BS state as for TPSS. The most stable state for each method is marked in bold face. “For BS8—345.

(T23) is 23 kJ/mol less favorable than B3S, and the best
structure with no hydride ion (N2353) is 18 kJ/mol less
favorable. The C2 structure is strongly disfavored. Thus, the
BS states cannot explain the difference between our and the
T&B results.

Table S1 also shows the TPSS spin populations on the
metals. It can be seen that the largest Fe spin (in absolute
terms) is 2.7—3.5 ¢ (3.2 e on average). The average sorted spin
populations decrease by ~0.2 for the following four Fe ions,
2.9,2.7,2.6, and 2.4 ¢, still representing high-spin Fe. However,
one or two of the Fe ions often have an appreciably lower spin
population, as frequently observed for the FeMo cluster when
hydride ions or other ligands coordinate to Fe:'**"*%¢% 759 of
the studied structures and BS states have one Fe ion with a
spin population below 2 e and 37% have two such Fe ions (2%
have three).

For the best BS state of each structure, Fel always has the
largest spin population. The half-dissociated structures and C2
have no Fe ion with a low spin (the lowest one is 2.2—2.8 ¢).
For the other structures, Fe6 has a low spin population (0.2—
1.8 ¢), except when S3A and SSA are both protonated (then
instead Fe7 has a low spin population of 0.7—1.5 e).
Sometimes, Fe7 (especially when S2B and SSA protonated),
FeS (0.2 e for three structures with S2B and S3A protonated),
or Fe2 (1.5—1.6 ¢ for BS3, T23, and T25) also have low spin

18072

populations. The spin population on Mo is small and negative,
—0.2 e on average for the best BS states.

Effect of the Basis Sets, Relativistic Effect, and the
Model Size. Next, we studied how the basis sets affect the
results. We calculated single-point energies for all 26 structures
with the much larger def2-TZVPD basis set. The results in the
fourth (TZ) column in Table 2 show that the basis set has a
relatively small effect on the relative energies (as has also been
observed before®”*”); they change by up to 22 kJ/mol (=3 kJ/
mol on average). The effect is largest for the complexes with
two protonated sulfide ions, whereas those with a bridging
sulfide ion change by less than 8 kJ/mol. The BS3, B35, and
B33 structures are still most stable and nearly degenerate (with
S kJ/mol). However, the D26 and T23 structures are only 11
kJ/mol less stable, whereas the best half-dissociated structures
(H6M and H6S) are 20—24 kJ/mol higher in energy.

Likewise, relativistic effects (estimated from the mass—
velocity and Darwin terms) change the results by up to 12 kJ/
mol (2 kJ/mol on average). The same three states (B33, B3S,
and BS3) are still most stable, within 9 kJ/mol, but D26 is also
within this range and the H6M and H6S half-dissociated
structures are only 13—14 kJ/mol worse.

T&B used a smaller QM model than the one used in our
study (144 atoms, compared to 191 atoms; cf. Figures 1 and
S1). In particular, their model is missing the backbone of

https://doi.org/10.1021/acs.inorgchem.2c02488
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residues 355—359, which forms four hydrogen bonds to S3A,
and two water molecules, which both form hydrogen bonds to
SSA. To investigate the effect of this smaller QM model, we
optimized the 26 protonation states also with their 144-atom
model (still with the TPSS-D4 method and with the best BS
state for the larger QM model). This had a rather small effect
on the relative energies of the structures, 1-20 kJ/mol. In
particular, all structures with no hydride ions are destabilized
by 9—15 kJ/mol kJ/mol. However, the ordering of the relative
stability of the structures is not changed. B35 is most stable,
12—19 kJ/mol more stable than B33, D26, BS3, and H6S.
Thus, the size of the QM model cannot explain the
discrepancy between our and the T&B results.

Relaxation of the Surrounding Protein. T&B allowed
1001 atoms surroundings the FeMo cluster to relax during the
geometry optimization, whereas we by default keep all atoms
outside the QM system fixed at the crystal structure (to avoid
different states converge to different local minima of the
surroundings). Even if most groups close to the S2B ligand are
included in the QM system, it is possible that the surroundings
may relax if S2B dissociates from one of the Fe ions, favoring
such half-dissociated structures, especially as EPR experiments
have indicated that some structural relaxation of the
surroundings are involved in the conversion of the two
observed E, states.** Therefore, we also run one set of
calculations in which all residues with any atom within 6 A of
the QM system are relaxed by a MM optimization in every
QM/MM geometry optimization step (1488 atoms). The
results of these calculations are also included in Table 2
(column Relax).

It can be seen that this had a slightly larger effect on the
relative energies, up to 37 kJ/mol. The two structures with S2B
dissociated from Fe6 (H2F and H2S) are favored by 17—18
kJ/mol, but the two structures with S2B dissociated from Fe2
(H6M and H6S), as well as the D26 structure (with two
hydride ion) are disfavored by 23—25 kJ/mol. Consequently,
B3S is still the best structure, 5 kJ/mol better than BS3,
whereas N2353 is the third-best structure, 19 kJ/mol less
stable than B35. The best half-dissociated structure, H6S, is 44
kJ/mol less stable than B3S.

The movements of the surroundings are modest, with root-
mean-squared movements of less 0.4 A for the protein residues
and somewhat larger for some water molecules (up to 0.7 A).
The movements are similar for all structures.

Effect of the DFT Method. Previous studies have shown
alarming differences between relative energies of nitrogenase
FeMo cluster isomers calculated with different DFT
methods.”>*” T&B also studied a few of their structures with
both the TPSSh and the TPSS functionals®® and found quite
large differences for the relative energies calculated with the
two methods (up to $9 kJ/mol). Therefore, we reoptimized all
our 26 structures also with the r’SCAN, TPSSh, and B3LYP
functionals. The first is a meta-GGA functional that has been
recommended for nitrogenase models,”” whereas the other two
are hybrid functionals with 10 and 20% Hartree—Fock
exchange, respectively. T&B used mainly TPSSh in their
study. The results are also included in Table 2.

It can be seen that the DFT functional indeed has a strong
influence on what E, structure is preferred. B3LYP strongly
prefers the C2 state, as was also previously observed.”” B3LYP
also disfavors all states with Fe-bound hydride ions.

TPSSh has a smaller effect on the relative energies, up to 30
kJ/mol (besides the C2 structure, which is stabilized by 116

kJ/mol). It also somewhat disfavors structures with hydride
ions and favors the half-dissociated structures, especially those
for which S2B has dissociated from Fe2. Consequently, H6S
becomes the best structure, 3 kJ/mol more stable than H6M
and 7 kJ/mol more stable than the nondissociated B3S
structure. The best structure with two protonated sulfide ions
is N2353, 14 kJ/mol less stable than H6M. C2 is strongly
stabilized, but it is still 28 kJ/mol less stable than H6S.

These results are based on the best BS state according to a
restricted scan of a few of the best BS for TPSS (at least the
BS7-235, BS7—247, BS7—346, and BS10—147 states and
typically a few more states; a full investigation was performed
on H6S; relative energies and Mulliken metal spin populations
are shown in Table S2). The best BS state agrees with that
suggested by T&B for seven of the 15 overlapping structures
and they involve either the BS7 states or BS10—147 for all
except two structures (BS6—157 for B33 and BS10—13$ for
HS2).

The Mulliken spin populations calculated by TPSSh are in
general larger and more even than those obtained with TPSS.
The average absolute values of the sorted spin populations are
3.6, 3.5, 34,33, 32,29, and 2.6 ¢, i.e,, 0.4—1.2 e larger than
for the corresponding TPSS spin populations. No structure has
two Fe ions with a low (<2 ¢) spin population, but 15% of the
structures have one Fe ion with a spin population less than 2 e.
However, among the best BS states, only one structure (B33)
has a Fe spin population of 2.0 ¢; for the other structures, the
lowest Fe population is 2.4—3.3 e. Thus, with TPSSh, a low
spin population typically indicates convergence to a suboptimal
wave function or BS. Our TPSSh spin populations are typically
~0.2 ¢ larger than those reported by T&B,™ reflecting
differences in the QM model, the basis sets, and other details
of the calculations. The difference is never larger than 0.5 e.
The Mo spin population for the best BS state is —0.2 to —0.7 e
(average —0.4 ¢) with a single exception (B33 has a positive
population of 0.5 e).

The results obtained with the r’SCAN functional are similar.
Compared to TPSSh, the half-dissociate structures, as well as
D26 (with two terminal hydrides), are stabilized relative to the
other states. Consequently, the two half-dissociated H6S and
H6M structures (which are essentially degenerate) are most
stable, followed by B35, which is 16 kJ/mol less stable. The
best structures with terminal hydrides (T23 and D26) are 43—
44 kJ/mol less stable, and the best structure with two
protonated sulfide ions (N2353) is 47 kJ/mol less stable than
H6S.

As with TPSSh, we made a limited investigation of the most
stable BS state with r*SCAN (shown in Table S3). There are
some variations compared to TPSS and TPSSh, but mainly
within the BS7 and BS10—147 states. However, T23 and T25
are most stable in the BS6—157 state.

The Fe spin populations of r’'SCAN are very similar to those
of TPSSh with an average difference of only 0.04 e. However,
the spin population on Mo for the best BS state varies much
more than for the other two methods. It is positive (0.4—0.9 e)
for three structures, and it is —1.4 to —1.6 e for seven of the
structures with two protonated sulfide ions.

Considering that at the TPSS level, relaxation of the
surroundings had a quite large effect on the relative energies
and destabilized the best half-dissociated structures by ~25 kJ/
mol, we also ran QM/MM geometry optimizations with
relaxed surroundings with the TPSSh and r*SCAN functionals
for the eight best structures. The results in Table S4 show that
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in this case, relaxation of the surrounding has rather small
effects, up to 10 kJ/mol, except that B3S is selectively
destabilized by both methods (by 19—33 kJ/mol). Thus, the
half-dissociated structures remain most favorable.

B CONCLUSIONS

In this study, we have tried to explain the discrepancy between
the results obtained by our group”” and those obtained by
T&B* regarding the relative energies of the E, state of
nitrogenase and, in particular, the importance of half-
dissociated states with the S2B ligand dissociated from either
Fe2 or Fe6. Our results show that the BS state, the basis set,
relativistic effects, the size of the QM model, and the relaxation
of the surrounding have some influence on the relative
stabilities (by up to 12, 22, 9, 20, and 37 kJ/mol, respectively).
Our calculations also emphasize the importance of studying all
conformations of the added protons, which may change the
relative energies by up to 33 kJ/mol. However, neither of these
variations changes the relative ordering of the different types of
structures. Instead the difference between the two studies is
caused by the use of different DFT methods:

e TPSS favors structures with both the hydride and S2B
bridging Fe2 and Fe6 (B3S, B33, and B53), which are
15—18 kJ/mol better than structures with a half-
dissociated S2B (H6S), with two terminal hydride ions
(D26) or with no hydride ions (N2353).

B3LYP strongly favors the C2 structure with a doubly
protonated carbide ion, which is 101 kJ/mol more stable
than N2335. It strongly disfavors all structures with Fe-
bound hydride ions.

TPSSh also shows similar tendencies, but to a smaller
extent (owing to the smaller amount of Hartree—Fock
exchange). It also favors the half-dissociated structure so
that H6S and H6M becomes 7 kJ/mol more stable than
B3S. This shows that the Hartree—Fock exchange
weakens the Fe—S and Fe—H bonds.

*SCAN selectively favors the half-dissociated structures
and C2 (but the latter much less than the hybrid
functionals). Therefore, H6S and H6M become 16 kJ/
mol more stable than B3S.

From Table 2, it can be seen that eight E, structures (B35,
B33, B53, H6M, H6S, D26, N2353, and C2) are competitive
in terms of energies (within 20 kJ/mol at least with some DFT
method). However, two of them (C2 and N2353) do not
contain iron-bound hydride ions and are therefore not
compatible with the EPR data.”>** This calls in doubt the
B3LYP calculations, which strongly prefer the C2 structure.
The relative energies of the remaining five structures obtained
with TPSS, TPSSh, and r’SCAN are shown in Figure 3. It can
be seen that the D26 structure is not preferred with any
method and is relatively high in energy. The other structures
all have a hydride ion bridging Fe2 and Fe6, showing that E,
most likely contains such a bridging hydride ion. The low-
energy structures are of two types: either with S2B also
bridging Fe2 and Fe6 (B33, B3S, and BS3) or with S2B
dissociated from Fe2 (H6M and H6S). Within these groups,
the structures differ only in the direction of the proton on S2B
and (for B-type structures) which side of S2B the hydride ion
is. All three methods agree that there are at least one more low-
energy structure of the same type within 1—$ kJ/mol, in
agreement with the observation of two nearly degenerate
structures in the EPR experiments.”’34 Thus, the only
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Figure 3. Relative stabilities of the best structures containing hydride
ions (in agreement with experimental data%"“) for the TPSS, TPSSh,
and r*SCAN methods.

disagreement is that TPSS points out the nondissociated S2B
as the best, whereas TPSSh and r*SCAN prefer the half-
dissociated structures, with energy difference of 7—18 kJ/mol
toward the other structure.

A natural question is then which DFT functional to trust.
Recent studies have indicated that r?SCAN, TPSSh, and
B3LYP* (with 15% Hartree—Fock exchange) give the best
structures of Fe, and FeMo models.”” On the other hand,
another study indicated that pure GGA functionals, like PBE
and PW91, gave the best results for structures and energies
involving the binding of H, and N, to small transition-metal
models with relation to nitrogenase.ﬂ Yet, further studies on
the latter systems with dispersion-corrected DFT functionals
indicated that pure GGA functionals give better structures,
whereas hybrid functionals give more reliable energetic
results.”” Consequently, further investigation are required to
decide which DFT functional gives the most reliable results for
nitrogenase models. However, considering the small energy
difference between the two types of structures with most
methods, it is clear that both types need to be considered in
investigations of the mechanism of nitrogenase.
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We have studied whether dissociation of the S2B sulfide ligand from one of its two coordinating Fe
ions may affect the later parts of the reaction mechanism of nitrogenase. Such dissociation has been
shown to be favourable for the E,—E,4 states in the reaction mechanism, but previous studies have
assumed that S2B either remains bridging or has fully dissociated from the active-site FeMo cluster.
We employ combined quantum mechanical and molecular mechanical (QM/MM) calculations with
two density-functional theory methods, r?SCAN and TPSSh. To make dissociation of $2B possible, we
have added a proton to this group throughout the reaction. We study the reaction starting from the
E4 state with N,H, bound to the cluster. Our results indicate that half-dissociation of S2B is unfavour-
able in most steps of the reaction mechanism. We observe favourable half-dissociation of S2B only
when NH or NH, is bound to the cluster, bridging Fe2 and Fe6. However, the former state is most
likely not involved in the reaction mechanism and the latter state is only an intermittent intermediate
of the E; state. Therefore, half-dissociation of S2B seems to play only a minor role in the later parts
of the reaction mechanism of nitrogenase. Our suggested mechanism with a protonated S2B is alter-
nating (the two N atoms of the substrate is protonated in an alternating manner) and the substrate
prefers to bind to Fe2, in contrast to the preferred binding to Fe6 observed when S2B is unproto-
nated and bridging Fe2 and Fe6.
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Introduction Nitrogenase catalyses the reaction®*
Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can
cleave the triple bond in N,, by converting it to
ammonia.'™ Nitrogenase is produced by a few groups of

N, + 8¢~ + 8H' + 16ATP — 2NH; + H, + 16ADP + 16P; (1)

Thus, eight electrons and protons are needed to form two

bacteria but several higher plants live in symbiosis with
such bacteria, e.g. legumes, rice and alder. Crystallographic
studies have shown that the most common and active form
of nitrogenase is a homodimer of heterodimers.”™ Tt con-
tains two unusual iron-sulfur clusters, the P-cluster
(FegS;Cyse), which is used for electron transfer, and the
FeMo cluster, which is the catalytic centre. The latter con-
sists of a MoFegSqC(homocitrate) cluster, which is connected
to the protein by one His ligand to Mo and a Cys ligand to
a Fe ion at the other end of the cluster (¢f. Fig. 1a). There
also exist alternative isoenzymes in which the Mo ion is
replaced by V or Fe, but they have a lower activity.'"® During
catalysis, electrons are delivered to nitrogenase by the Fe
protein, which contains a Fe,S, cluster.>”

Department of Computational Chemistry, Lund University, Chemical Centre,

P. O. Box 124, SE-221 00 Lund, Sweden. E-mail: Ulf.Ryde@compchem. lu.se;

Tel: +46-46 2224502

T Electronic supplementary information (ESI) available. See DOTI: https://doi.org/
10.1039/d4dt00937a

1500 | Dalton Trans., 2024, 53, 1500-11513

molecules of NH; from N,. Consequently, the reaction mecha-
nism is typically described by nine states, Eo-Es, differing in the
number of added electrons and protons.'* Despite intensive bio-
chemical, kinetic,  spectroscopic ~and  computational
investigations,">'>'* many details of the nitrogenase reaction
mechanism are still controversial, partly because of technical pro-
blems to isolate pure samples of the various reaction intermedi-
ates E,. It is known that N, binds mainly to the E, state and that
N, binding is coupled to the compulsory formation of H,, in a
reductive elimination reaction.’**® E, has been shown to contain
two hydride ions bridging two pairs of Fe ions,"'®'® but the
detailed structure of the E, state is highly controversial.'**

The later part of the reaction mechanism, ie. after N,
binding has also been much discussed.’ In particular, it has
been debated whether nitrogenase follows a distal or an alter-
nating mechanism, i.e. whether the protons are first added to
one N atom, so that NH; dissociates already in the E; state,
before the second N atom is protonated, or whether protons
are added alternatively to the two N atoms, so that HNNH and
H,NNH, are intermediates and the first NH; molecule does

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The FeMo cluster in nitrogenase (trans(2;1A)-S2B(26;3) structure). (a) Illustrates the QM system used in all calculations, as well as the names
of the nearby residues, (b) shows only the FeMo cluster with atom names indicated.

not dissociate until the E; state. A distal mechanism is sup-
ported by inorganic nitrogenase model complexes,*™* but
also by some computational and crystallographic studies of
nitrogenase.>*>* An alternating mechanism is supported by
the fact that H,NNH, is a substrate of nitrogenase and can
also be released from the enzyme by acid or base treatment
during turnover."?3>3® It has also been shown that N,, N,H,,
CH;N,H and N,H, all react via a common intermediate.?’
Several computational studies have suggested reaction mecha-
nisms that are alternating, at least during the end of the reac-
tion (i.e. involving H,NNH, as an intermediate).'**3°

Our group has presented several studies of the later part of
the nitrogenase reaction mechanism. We have performed an

This journal is © The Royal Society of Chemistry 2024

exhaustive search of possible binding sites and binding modes
of N,H, to the FeMo cluster in the E, state.” The study
showed that the most favourable binding sites were Fe2 and
Fe6 (atom numbers are shown in Fig. 1b). trans-HNNH bound
to Fe2 was most stable, but structures with the same molecule
bound to Fe6, ciss-HNNH bound to Fe2, or HNNH, bound to
Fe6 (with the additional proton abstracted from homocitrate)
were all competitive within 12 k] mol™'. With a somewhat
larger quantum-mechanical (QM) model, including also Val-70
and Phe-381, which may restrict the binding of the substrate,
the preferences change somewhat in favour of trans-HNNH or
HNNH, binding to Fe6.*® That study also considered the com-
plete reaction mechanism and suggested an alternating

Dalton Trans., 2024, 53, 1500-11513 | 11501
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mechanism and that the homocitrate ligand may provide a
proton buffer that may stabilise intermediates like H,NNH,
and NH; already at the E; and E; states, respectively. Based on
suggestions from crystal structures of inhibited nitrogenase,
we also investigated the corresponding reactions when S2B has
dissociated from the FeMo cluster, providing a natural binding
site for the substrate.*® The results suggested that N,H, binds
as NNH,, bridging Fe2 and Fe6 (i.e. an intermediate connected
to a distal mechanism), but that the mechanism the becomes
alternating, with H,NNH, bound at the E4 state and NH; for-
mation in the E; state. Both mechanism seemed to be equally
feasible, but a study of proton-transfer reactions in the cluster
indicated that the proton transfer to the substrate is easier if
S2B remains bound.*!

Several recent studies have suggested that S2B may dis-
sociate only from one of the two Fe ions, forming unhooked or
half-dissociated structures.?***** In fact, such structures seem
to be among the most likely candidates for the E,-E, states of
Mo-nitrogenase.”>***> The question then naturally arises
whether such structures are competitive also for the later part
of the nitrogenase reaction, i.e. after binding of N,. The aim of
the present study is to investigate this possibility using com-
bined QM and molecular mechanics (QM/MM) calculations.

Methods

The protein

The calculations were based on the 1.0 A crystal structure of
Mo nitrogenase from Azotobacter vinelandii (PDB code 3U7Q).”
The setup of the protein is identical to that of our previous
studies.”**>****® The entire heterotetramer was included in
the calculations and the QM calculations were concentrated on
the FeMo clusters in the C subunit because there is a buried
imidazole molecule rather close to the active site (~11 A) in
the A subunit. The two P clusters and the FeMo cluster in
subunit A were modelled by molecular mechanics (MM) in the
fully reduced and resting states, respectively, using a QM
charge model.*” The protonation states of all residues were the
same as before,”” and the homocitrate ligand was modelled in
the singly protonated state with a proton shared between the
hydroxyl group (O7 that coordinates to Mo) and the O1 carbox-
ylate atom.*”*° The protein was solvated in a sphere with a
radius of 65 A around the geometrical centre of the protein.
Cl™ and Na' ions were added to yield an ionic strength of 0.2
M.*® The final system contained 133915 atoms. For the
protein, we used the Amber ff14SB force field®' and water
molecules were described by the TIP3P model.”> The metal
sites were treated by a non-bonded model®* and charges were
obtained with the restrained electrostatic potential method.**
In the QM calculations, the FeMo cluster was modelled by
MoFe;SoC(homocitrate)(CH;S)(imidazole), where the two last
groups are models of Cys-275 and His-442. In addition, all
groups that form hydrogen bonds to the FeMo cluster were
also included, viz. Arg-96, GIn-191 and His-195 (sidechains),
Ser-278 and Arg-359 (both backbone and sidechain, including
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the CA and C and O atoms from Arg-277), Gly-356, Gly-357 and
Leu-358 (backbone, including the CA and C and O atoms from
Tle-355), as well as two water molecules. Finally, the sidechain
of Glu-380 was included because it forms hydrogen bonds to
GIn191 and His-442, as well as the sidechains of Val-70 and
Phe-381 because they are close to S2B, Fe2 and Fe6, i.e. the
expected reactive site. The QM system contained 192-197
atoms depending on the E, state and the bound substrate. It is
shown in Fig. 1a. The net charge of QM region was —3e.

QM calculations

All QM calculations were performed with the Turbomole soft-
ware (versions 7.5 and 7.6).”> All structures were studied with
the r’*SCAN*® density functional theory (DFT) method. To
investigate the functional dependence, most structures were
also studied with the TPSSh®” functional. r’SCAN is a meta
generalised gradient approximation functional, whereas TPSSh
is a hybrid functional with 10% Hartree-Fock exchange. Both
functionals have been shown to give accurate structures of
nitrogenase models.”® All calculations involved the def2-SV(P)
basis set.”® The calculations were sped up by expanding the
Coulomb interactions in an auxiliary basis set, the resolution-
of-identity (RI) approximation.®”®' Empirical dispersion cor-
rections were included with the DFT-D4 approach,’* as
implemented in Turbomole.

In this investigation we study the later part of the reaction
mechanism of nitrogenase, starting after the binding and pro-
tonation of the substrate to N,H, in the E, state. Like in our
previous two studies,*®* we do this to avoid the problem that
the nature of the E, state is highly controversial, with a very
large number of possible locations of the added four H atoms
(protons or hydride ions), and extremely large discrepancy in
the prediction of various DFT methods."*?°*%® The current
consensus is that N, binds to the FeMo cluster together with
reductive elimination of H,.* The remaining two protons are
then used to protonate N, to N,H,. As a consequence, the
N,H,-bound E, state is in the same formal oxidation state as
the resting E, state, viz. the Mo™'FellFell! oxidation state.***>**

The aim of the present study is to investigate whether dis-
sociation of S2B from either Fe2 or Fe6 may facilitate the con-
version of N,H, to two NH; molecules. Previous studies have
shown that such half-dissociation of S2B is energetically
favourable only if S2B is protonated.’"**** Therefore, we
added an extra proton to S2B in all the current models.
Consequently, the charge of the models is one step less nega-
tive than previously studied models.

The electronic structure in all QM calculations was
obtained with the broken-symmetry (BS) approach:®* Each of
the seven Fe ions was modelled in the high-spin state, with
either a surplus of o (four Fe ions) or p (three Fe ions) spin.
Such a state can be selected in 35 different ways.®>*® The
various BS states were obtained either by swapping the coordi-
nates of the Fe ions®” or with the fragment approach by
Szilagyi and Winslow.®® The BS states are named by listing the
numbers of the three Fe ions with minority spin, e.g. BS-235.
At each E,-level, we first optimised all possible structures with

This journal is © The Royal Society of Chemistry 2024
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one BS state (typically BS-235 or BS-147). For the most stable
structure, a full investigation of all 35 BS was performed and if
this was a different state, the best structures are reoptimised
with that state. A similar procedure was performed with the
spin state, which is also unknown for these intermediates.

QM/MM calculations

QM/MM calculations were performed with the ComQum
software.®®’® In this approach, the protein and solvent are
split into two subsystems: system 1 (the QM region) was
relaxed by QM methods. System 2 was kept fixed at the original
coordinates (equilibrated crystal structure), to avoid the risk
that different calculations end up in different local minima.

In the QM calculations, system 1 was represented by a wave-
function, whereas all the other atoms were represented by an
array of partial point charges, one for each atom, taken from
the MM setup (electrostatic embedding). Thereby, the polaris-
ation of the QM system by the surroundings is included in a
self-consistent manner. When there is a bond between systems
1 and 2 (a junction), the hydrogen link-atom approach was
employed: the QM system was capped with hydrogen atoms,
the positions of which are linearly related to the corresponding
carbon atoms (carbon link atoms, CL) in the full system.®*”"
All atoms were included in the point-charge model, except the
CL atoms.””> ComQum employs a subtractive scheme with van
der Waals link-atom corrections.”® No cut-off is used for the
QM and QM-MM interactions. The geometry optimisations
were continued until the energy change between two iterations
was less than 2.6 J mol™" (107° a.u.) and the maximum norm
of the Cartesian gradients was below 107> a.u.

In most structures where S2B binds to both Fe2 and Fe6,
one Fe-S distance is ~2.3 A and the other 0.1-0.3 A longer.
Thereby, S2B is in between the two Fe ions and both Fe-Fe-
S2B angles are less than 90°. When S2B dissociates from one
of the Fe ions, the substrate typically bridges Fe2 and Fe6
(with one or two N atoms) and one Fe-S2B distance increases
to >3.4 A and one Fe-Fe-S2B angle is larger than 90°. However,
in some cases, the substrate binds only to one Fe ion and S2B
to the other ion (often, but not always, receiving a hydrogen
bond from the substrate). In those cases, it is less obvious
whether S2B has dissociated or not. We used a cutoff of Fe-
S2B > 2.9 A to define a dissociated structure (no structure has
a Fe-S2B bond length between 2.81 and 3.04 A; likewise, there
is a gap between 0.52 and 0.86 A for the absolute difference
between the two Fe-S2B distances). Mayer bond orders™ (cal-
culated with the Multiwfn package’) for the Fe-S interactions
are correlated to the Fe-S distances (correlation coefficient
—0.87) and show similar trends; a cutoff at 0.2 can be used to
define bonds.

Results and discussion

In this investigation, we have studied possible paths for the
second half of the mechanism of nitrogenase, allowing the
S2B ligand to dissociate from one Fe ion. The results are com-
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pared to our previous studies where S2B was either binding to
both Fe2 and Fe6,*® or was completely dissociated.*® As in the
previous studies, we start from a E, state, where H, has disso-
ciated, N, is bound and is protonated to N,H,. This is done to
avoid the severe problems that different DFT method give
widely different predictions regarding the most stable protona-
tion states of E, and the strength of the binding of N,.*>*¢

For each new E, state, we add one electron and a proton to
the FeMo cluster. The electrons are provided by the Fe protein
via the P-cluster.>® Protons come ultimately from water solvent
and two possible proton channels have been suggested,
ending either at His-195 or at a water molecule close to S3B,
S4B and S5A.7°7° It has suggested that His-195 can only
provide a single proton, because rotation of the imidazole
group is restricted in the protein.”®*® Several groups have
studied proton transfers within the FeMo cluster and have
shown that the individual steps in general are facile,”®”®%!
although sometimes certain protonation states may act as
thermodynamic sinks making the net barriers somewhat
high.*! However, Siegbahn has suggested that the barriers are
strongly lowered by the employment of surrounding water
molecules.”®*> Therefore, we have not explicitly studied proton
transfers within the FeMo cluster in this study. Instead we con-
centrate on determining the thermodynamically most stable
structures at each E, level and the cleavage of the N-N bond.
We discuss the various E,, states in separate sections.

E, state

We started with the E, state with N,H, bound. We tested four
different isomers of N,H,, viz. NNH,, cis-HNNH, trans-HNNH
and HNNH, (in the latter case, the third proton was taken
from homocitrate, which is nearby when the ligand binds to
Fe6). We studied binding of N,H, only to Fe2 and Fe6, because
these two Fe ions have been pointed out by experimental
studies®®**** and it has also been shown to be the preferred
binding sites by a systematic DFT search.*” We studied both
end-on and side-on binding, to one Fe ion as well as to both
Fe ions. If relevant, we allowed the non-coordinating N atom
or the protons to point in different directions. We use the fol-
lowing nomenclature: the four isomers are called NNH,, cis,
trans or HNNH,, respectively, which is followed by the binding
site in brackets and indicating only the number of the Fe
atom. 2 and 6 means that it binds to only Fe2 or Fe6, whereas
26 means that it bridges Fe2 and Fe6. Two numbers with a
comma between means that both N atoms bind to Fe, e.g.
(26,2), indicating that one N atom bridges Fe2 and Fe6,
whereas the other binds only to Fe2. A number or an atom
after a semicolon indicates the direction of the non-coordinat-
ing atoms, where 3 and 5 indicate S3A and S5A, respectively.

In addition, we considered structures with the S2B ligand
bridging Fe2 and Fe6 or binding only to one of the two Fe
ions. In variance to the previous study,*® we assumed that S2B
is singly protonated, allowing it to dissociate from either Fe2
or Fe6. When it still bound to both ions, we tried to force it to
dissociate from one of the Fe ions. Moreover, we also studied
cases where the proton on S2B pointed in different directions,
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typically towards S3A or S5A. The nomenclature is S2B with
the coordinating Fe ions in brackets (2, 6, or 26) and with the
direction indicated after a semicolon with numbers 3 or 5, or
an atom.

We tested 61 different structures and managed to obtain 53
of them. They are listed in Table 1. It can be seen that the
most stable structure is trans(2;1A)-S2B(26;3), ie. with trans-
HNNH binding to Fe2 with the non-bonding NH group point-

Table 1 Relative energies (kJ mol™) of the various structures optimised
for the E4 state. All structures are in the quartet BS-235 state unless
otherwise noted

Structure ’SCAN TPSSh
HNNH,(6;HCA)-S2B(26;3) 45 39
HNNH,(6;HCA)-52B(26;5) 38 57
NNH,(26)-S2B(2;Fe1) 21 31
NNH,(26)-S2B(2;5) 34 39
NNH,(26)-S2B(6;3B) 18 24
NNH,(26)-S2B(6;1B) 18 40
NNH,(2;1A)-S2B(26;3) 15 6
NNH,(2;1A)-52B(26;5) 25 33
NNH,(2;2A)-S2B(6;3) 60 57
NNH,(2;2A)-52B(26;5) 76 71
NNHZ(G;lB)-SZB(Z;Fel) 80 96
NNH,(6;2B)-S2B(2;4A) 91

NNH,(6;HCA)-S2B(26,3) 56 57
NNH,(6;3)-52B(26;5) 66 74
cis(26;3)-S2B(2;Fel) 114 111
cis(26;3)-52B(2;5) 129 139
¢is(26,2;3)-52B(6;N) a1 45
cis(26,2;5)-52B(6;Mo) 34¢ 52
cis(26,2;5)-52B(6;3) 27¢ 45
¢is(26,6;3)-S2B(2;Fe1) 88 90
cis(26,6;3)-52B(2;5) 102 104
cis(26,6;5)-52B(2;Fe1) 71 73
¢is(26,6;5)-S2B(2;3) 90 95
cis(26,6;5)-S2B(2;5) 78 81
cis(2,6)-S2B(2;Fel) 103” 108
cis(2,6)-52B(2;5) 84° 109
cis(2,6)-S2B(6;M0) 924 112
cis(2,2)-S2B(6;3B) 81 99
cis(2,2)-52B(6;3) 76 94
cis(2;1A)-S2B(26;3) 9 11
cis(2;1A)-S2B(26;5) 14 16
cis(2;2A)-52B(26;3) 61 64
cis(2;2A)-S2B(26;5) 60 52
cis(6,6;5)-52B(2;2A) 130

¢is(6,6)-S2B(2;Fe1) 130

cis(6;1B)-S2B(26;3) 29 34
cis(6;1B)-S2B(26;5) 30 37
cis(6;3B)-S2B(26;3) 40 47
cis(6;3B)-S2B(26;5) 39 46
trans(26;5)-S2B(2;Cys) 83" 86
trans(26;5)-52B(2;N) 94 99
trans(26,2;5)-S2B(6;3B) 41 35
trans(26,2;5)-52B(6;N) 33 28
trans(26;3)-S2B(2;Cys) 47 57
trans(2;1A)-S2B(26;3) 0 0
trans(2;1A)-S2B(26;5) 3 4
trans(2;2A)-S2B(6;3) 34 39
trans(2;2A)-S2B(26;5) 41 44
trans(6;1B)-S2B(26;3) 17 22
trans(6;1B)-S2B(26;5) 23 27
trans(6;3B)-S2B(26;3) 6 12
trans(6;3B)-S2B(26;5) 6 13

@ Quartet BS-147 state. ” Doublet BS-147 state.
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ing towards S1A (with a S-H hydrogen-bonding distance of
2.2 A), and with S2B coordinating to both Fe2 and Fe6, with
the proton pointing towards S3A. It is most stable in the
quartet BS-235 state and it is shown in Fig. 2. Cleaving the
Fe2-S2B bond is strongly unfavourable, so the best structure
does not have any half-dissociated S2B group. Moving the
proton on S2B to the opposite side, trans(2;1A)-S2B(26;5) (also
in Fig. 2), changes the energy by only 3-4 k] mol™. The corres-
ponding structures with HNNH binding instead to Fe6 are
only 6 k] mol™ less stable with the r*SCAN functional, but
12-13 kJ mol™' with TPSSh (trans(6;3B)-S2B(26;3) and
trans(6;3B)-S2B(26;5) in Fig. 2). In this case, the non-coordinat-

trans(6;3B)-S2B(26;3) — 6/12 trans(6;3B)-S2B(26;5) — 6/13

2

NNH,(26)-S2B(6;3B) — 18/24

Fig. 2 The best E4 structures with relative energies in kJ mol™ indi-
cated (*SCAN/TPSSh).

This journal is © The Royal Society of Chemistry 2024
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ing N atom of HNNH forms a hydrogen bond to S3B (2.6 A).
On the other hand, structures with HNNH pointing in the
opposite direction are appreciably less stable, by 34-44 kJ
mol~* when HNNH binds to Fe2 and 17-27 kJ mol™~* when it
binds to Fe6. The non-coordinating N atom still forms hydro-
gen bonds to the cluster (2.4 A to S2A or 2.5 A to S1B), but Val-
70 and Ser-278 are strongly restricting its movement.

Structures with cis-HNNH binding to Fe2 (e.g. cis(2;1A)-S2B
(26;3) in Fig. 2) are also competitive, 9-16 k] mol™" less stable
than the best one, and still with S2B binding to both Fe2 and
Fe6. The non-bonding N atom is still pointing towards S1A,
but no hydrogen bond can form for the cis-isomer of the
ligand. The opposite orientation of HNNH is much less stable,
owing to steric interactions with Val-70 and Ser-278. Likewise,
cis-HNNH binding to Fe6 is quite unfavourable, 29-46 KkJ
mol ™" less stable than the best structure.

A structure with NNH, binding to Fe2 is also competitive,
NNH,(2;1A)-S2B(26,3) in Fig. 2, especially with TPSSh, being
6-15 kJ mol™" less stable than the best structure. The non-
bonding N atom forms a hydrogen bond to S1A (2.3 A) and
S2B binds to both Fe2 and Fe6. Structures with the substrate
pointing instead towards S2A (2.3 A hydrogen-bonding dis-
tance) is ~50 k] mol™" less stable.

The best structure with a half-dissociated S2B ligand is
NNH,(26)-S2B(6;3B) in Fig. 2 with r*SCAN, i.e. with NNH, brid-
ging Fe2 and Fe6, and with one of the H atoms forming a
hydrogen bond to S2B (2.14 A H-S distance). S2B is dissociated
from Fe2, but binds to Fe6. Its proton is pointing towards S3B
(2.9 A distance). The structure with the proton on S2B pointing
in the opposite direction (towards S3B) is essentially degener-
ate, 18 kJ mol™" less stable than the best trans(2;1A)-S2B(26;3)
structure. With TPSSh, the latter structure is most stable by
16 k] mol™, 24 kJ mol™ less stable than the best structure.

These results are quite similar to what has been observed
in our previous studies: trans-HNNH binding to either Fe2 and
Fe6 is nearly degenerate when S2B remains bound and brid-
ging NNH, most stable without S2B.>**° The largest difference
is that the HNNH, structures are not competitive, being
38-57 k] mol ™" less stable than the best structures. The reason
may be the extra proton on S2B, which makes the hydrogen
bond between the substrate and S2B less favourable (2.42 A,
compared to 2.24 A in our previous study”’) and also orients
the substrate so that the hydrogen bond to homocitrate is
worse (1.97 A, compared to 1.69 A (ref. 40)). However, the most
important conclusion is that there is no advantage of S2B dis-
sociation in the N,H,-bond E, state.

E; state

Next, we added one proton and one electron to consider the Es
state. We studied four variants of the substrate, HNNH,,
NNH;, H,NNH, (hydrazine) and HNNH;. In the latter two
cases, the substrate has abstracted a proton from homocitrate.
As for E,4, we studied both end-on and side-on binding, to Fe2,
Fe6 or both. Likewise, we considered structures with S2B
bound to only Fe2 or Fe6, or to both. The structures are named
as in the previous section and the results are listed in Table 2.
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Table 2 Relative energies (kJ mol™) of the various structures optimised

for the Es state. All structures are in the quintet BS-235 state unless
otherwise noted

Structure r’SCAN TPSSh
H,NNH,(6;1B)-S2B(26;3) 11 29
H,NNH,(6;1B)-52B(26;5) 11 24
H,NNH,(6;2B)-S2B(26;3) 9 20
H,NNH,(6;2B)-S2B(26;5) 14 32
H,NNH(26,6)-S2B(2;Cys) 90 82
H,NNH(26,6)-S2B(2;2A) 96 91
H,NNH(2,6)-S2B(6;3B) 113 120
H,NNH(2,6)-52B(6;1B) 117
H,NNH(2;2B)-S2B(6;3B) 79 93
H,NNH(2,2)-52B(6;1B) 40 51
HNNH,(6,2)-S2B(2;Cys) 109 112
HNNH,(6,2)-S2B(2;N) 121 114
HNNH,(2,2)-52B(6;3B) 47 42
HNNH,(2,2)-52B(6;1B) 37 49
HNNH,(2;2A)-S2B(6;3B) 36 43
HNNH,(2;2A)-S2B(6;1B) 28 35
HNNH,(2;Cys)-S2B(6;1B) 9¢ 15°
HNNH,(2;1A)-S2B(26;3) 0 0
HNNH,(2;1A)-S2B(26;5) 7 8
HNNH,(2;2A)- SZB(G 1B) 45

HNNH,(2;2A)-S2B(26;5) 67 68
HNNH,(6,6)-S2B(2;Cys) 139 146
HNNH,(6;2B)-S2B(26;3) 47 53
HNNH,(6;2B)-S2B(26;5) 32 55
HNNHj;(6;1B)-S2B(26;3) 82 93
HNNHj;(6;1B)-S2B(26;5) 76 88
HNNHj;(6;3B)-S2B(26;3) 80 80
HNNHj;(6;3B)-S2B(26;5) 67 75
NNH;(26)-52B(2;1A) 140 139
NNH;(26)-52B(2;2A) 131 134
NNH;(26)-52B(6;3B) 59 79
NNH;(26)-S2B(6;1B) 53 76
NNH;(2;1A)-S2B(26;3) 137 131
NNH;(2)-S2B(26;5) 143 137
NNH;(6;2B)-S2B(2;24) 218 243
NNH;(6;1B)-S2B(26;3) 197 214
NNH;(6;1B)-S2B(26;5) 186 197
NNH;(6;3B)-S2B(26;3) 180 190
NNH;(6;3B)-S2B(26;5) 185 191

@ BS-247 state. ” BS-147 state.

We tried to optimise 45 structures and 39 of them were
obtained. The best (HNNH,(2;1A)-S2B(26;3)) has HNNH,
bound to Fe2, with the non-coordinating NH, group pointing
towards S1A, forming a hydrogen bond with a H-S1A distance
of 2.22 A. The structure is most stable in the quintet BS-235
state and is shown in Fig. 3. The other H atom of the NH,
group points towards the backbone NH group of Ser-278 in a
perpendicular manner (2.18 A H-N distance). S2B binds both
Fe2 and Fe6, with the proton on the S3A side. Dissociating S2B
from Fe2 is strongly unfavourable. Moving the proton to the
other side gives a structure that is 7-8 kJ mol™" less stable
(HNNH,(2;1A)-S2B(26;5) in Fig. 3). On the other hand, rotating
the substrate around the Fe2-N bond so that the NH, group
instead forms a hydrogen bond to S2A (2.37 A), gives a struc-
ture that is 45 kJ mol™ less stable and S2B dissociates from
Fe2. Likewise, structures with HNNH, binding to Fe6 are quite
unfavourable (by 32-55 kJ mol ™).
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H,NNH,(6;2B)-S2B(26;3) — 9/20

HNNH,(2;Cys)-S2B(6; 1B) — 9/15

Fig. 3 The best Es structures with relative energies in kJ mol™ indicated (r’SCAN/TPSSh).

With r’SCAN, structures with H,NNH, bound to Fe6 are
competitive, only 8-14 k] mol™" less stable than HNNH,(2;1A)-
S2B(26;3). The best is H,NNH,(6;2B)-S2B(26;3) in Fig. 3, in
which one proton on the binding NH, group points to the
alcohol oxygen of homocitrate (2.11 A), whereas the two
protons of the non-bonding NH, group point towards S2B
(2.36 A) and an acetate oxygen of homocitrate (3.13 A) but with
far from optimal hydrogen-bond geometries (explaining why
the various conformations have similar energies). With TPSSh,
these structures are 20-32 k] mol™* less stable than the best
structure.

The best structure with S2B half-dissociated is HNNH,(2;
Cys)-S2B(6;1B) in Fig. 3, i.e. with HNNH, binding end-on to
Fe2, the non-bonding NH, group forming a hydrogen bond to
SG of Cys-275 (2.77 A) and the proton of the bonding NH
group pointing towards S2B (2.55 A). S2B binds only to Fe6
with the proton pointing towards S1B. It is only 9-15 kJ mol™*
less stable than the best structure.

Structures with HNNH; binding to Fe6 are quite unfavour-
able, 67-93 k] mol™" less stable than the best structure. They
all have S2B binding to both Fe2 and Fe6. Structures with
NNH; are strongly unfavourable by 131-243 kJ mol™". The only
exception are two structures with the unprotonated N atom
bridging Fe2 and Fe6, S2B binding only to Fe6 and the proton
on S2B pointing either two S1B or S3B. They are 53-59
(r’SCAN) or 76-79 k] mol™" less stable than the best structure.

1506 | Dalton Trans., 2024, 53, 1500-11513

Table 3 Relative energies (kJ mol™) of the various structures optimised
for the Eg state with an intact N—=N. bond. All structures are in the
quartet BS-235 state unless otherwise noted

Structure r’SCAN TPSSh
H,NNH,(2,6)-S2B(2;Cys) 133° 131
H,NNH,(2,6)-52B(6;3B) 161 148
H,NNH,(2,6)-S2B(6;1B) 173 160
H,NNH,(2;1A)-S2B(6;3B) 118 107
H,NNH,(2;1A)-S2B(26;3) 3 -1
H,NNH,(2;1A)-S2B(26;5) 17 9
H,NNH,(2;2A)-S2B(26;3) 33 27
H,NNH,(2;2A)-S2B(26;5) 25 20
H,NNH,(6;HCA)-S2B(2;24) 47 52
H,NNH,(6;1B)-S2B(26;3) 13 13
H,NNH,(6;1B)-S2B(26;5) 11 11
H,NNH,(6;3B)-S2B(26;3) 0 0
H,NNH,(6;3B)-S2B(26;5) 1 2
H,NNH;(6;3B)-S2B(26;3) 24 21
H,NNH;(6;3B)-S2B(26;5) 25 23
HNNH;(2;1A)-52B(26;3) 63 58
HNNH;(2;1A)-52B(26;5) 71 67
HNNH;(2;2A)-52B(26;3) 113 103
HNNH;(2;2A)-52B(26;5) 118 108
HNNH;(6;1B)-S2B(26;3) 95 97
HNNH;(6;1B)-S2B(26;5) 97 100
HNNH;(6;3B)-S2B(26;3) 102 107
HNNH;(6;3B)-S2B(26;5) 103 101
NH; + NH,(6)-52B(26,3) 85 93
NH, + NH(26)-52B(6,3) 49 -10

“BS-147 state.

This journal is © The Royal Society of Chemistry 2024
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We next studied the Eq state by adding another electron and
proton to the Es state. We considered three variants of the sub-
strate: H,NNH,, HNNH; or H,NNH; (in the latter case with
one proton abstracted from homocitrate). In total, 26 struc-
tures were tested and 24 of these were obtained. They are
described in Table 3.

The best structure with r*SCAN, H,NNH,(6;3B)-S2B(26;3) in
Fig. 4, has H,NNH, bound end-on to Fe2. The two H atoms of
the non-coordinating NH, group point towards S2B and S3B
with distances of 2.53 and 2.83 A, respectively. One of the H

View Article Online

Paper

atoms of the coordinating NH, group points towards the
alcohol and acetate O atoms of homocitrate with distances of
2.28 and 2.27 A, but the two O atoms are also involved in an
internal hydrogen bond (1.42 A) and a hydrogen bond to the
sidechain NH, group of GIn-191. S2B bridges Fe2 and Fe6, and
the proton points towards S3A. The structure is most stable in
the quartet BS-235 state. The structure with the proton on S2B
pointing in the opposite direction (H,NNH,(6;3B)-S2B(26;5) in
Fig. 4) is only 1-2 k] mol™" less stable.

A structure with the non-bonding NH, group of the sub-
strate pointing in the opposite direction (H,NNH,(6;1B); with
the H atoms pointing towards S2B and S1B with distances of

NS

H,NNH,(6;1B)-S2B(26;5) — 11/11

NH(26)-S2B(6;1B) — 0/0*

NH(26)-S2B(6;3B) — 5/4*

Fig. 4 The best Eg structures with relative energies in kJ mol™* indicated (r’SCAN/TPSSh; * indicates a distinct reference state).

This journal is © The Royal Society of Chemistry 2024
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2.48 and 2.97 A) is 11-13 kJ] mol™ less stable (e.g.
H,NNH,(6;1B)-S2B(26;5) in Fig. 4). Still a third conformation,
with the non-bonding NH, group pointing towards homoci-
trate, which leads to dissociation of S2B from Fe6 (H,NNH,(6;
HCA)-S2B(2;24)), is 47-52 kJ mol™" less stable than the best
structure and is the most stable structure with a half-disso-
ciated S2B.

Structures with H,NNH, binding to Fe2 are strongly com-
petitive. The best is H,NNH,(2;1A)-S2B(26;3) in Fig. 4, i.e. with
one H atom of the non-coordinating NH, group forming a
hydrogen bond to S1A at a distance of 2.32 A. Both the H
atoms of the coordinating NH, group point towards S2B, but
with poor hydrogen-bond geometries and distances of 2.61
and 3.00 A. $2B binds to both Fe2 and Fe6, but with quite
different distances of 2.77 and 2.30 A. This structure is only
3 kJ mol™ less stable than the best structure. With TPSSh, it is
actually 1 k] mol™" better. In both cases, it is most stable in
the quartet BS-235 state. This probably the most relevant
isomer for the Eg state, considering that the best structures of
the E, and E; states had the substrate bound to Fe2. The
corresponding S$2B(26;3) structure is 10-14 k] mol™" less stable.
Several other conformations of the substrate and the proton
on S2B were also tested and they are 4-30 k] mol ™" less stable.
We also tested some structures with H,NNH, bridging Fe2 and
Fe6 and with S2B binding to only one of the Fe ions. However,
they were all unfavourable by 131-173 k] mol™".

Two structures with H,NNH; bound to Fe6 were optimised.
They were 21-25 kJ mol™" less stable than the best one, indi-
cating that proton transfer from homocitrate is slightly uphill.

Eight structures with HNNH; binding to either Fe2 or Fe6
were also tested, but they were all unfavourable by 58-118 k]
mol™". This shows that hydrazine is the most stable isomer of
the substrate at the Eq state. Again, structures with S2B half-
dissociated seem to be of minor relevance.

We have tried to cleave the N-N bond in the two best struc-
tures (H,NNH,(2;1A)-S2B(26;3) and H,NNH,(2;1A)-52B(26;3)).
However, the reaction is quite prohibitive with barriers of
90-128 kJ mol™" and the product is higher in energy than the
starting structures.

For completeness, we also evaluated Eg structures after dis-
sociation of NHj, ie. structures with only NH bound to the
FeMo cluster. Two structures with NH, bound to Fe6, after
abstraction of the proton from homocitrate were also con-
sidered. The results are gathered in Table 4.

The most stable state has NH bridging the Fe2 and Fe6
ions, and S2B binding only to Fe6 with the proton pointing
towards S1B (NH(26)-S2B(6;1B) in Fig. 4). A structure with the
proton pointing instead towards S3B is only 4-5 kJ mol™" less
stable (NH(26)-S2B(6;3B) in Fig. 4). Structures with S2B
binding only to Fe2 are 37-44 kJ mol™" less stable, whereas
structures with NH binding only to Fe2 or Fe6 are 120-205 k]
mol~? less stable. The two structures with NH, binding to Fe6
are 79-91 kJ mol™" less stable. Thus, structures with S2B half-
dissociated are important when NH binds to the cluster.
However, compared to the structures with an intact N-N bond,
the HN structures are 31-46 k] mol™" less stable (adding the

1508 | Dalton Trans., 2024, 53, 1500-11513
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Table 4 Relative energies (kJ mol™?) of the various structures optimised

for the Eg state with NH3 dissociated. All structures are in the quartet
BS-235 state unless otherwise noted

Structure ’SCAN TPSSh
NH,(6)-S2B(26;3) 86 79
NH,(6)-S2B(26;5) 87¢ 82
NH(26)-S2B(2;Cys) 40 37
H(26)-S2B(2;5A) 44 41
H(26)-S2B(6;3B) 5 4
H(26)-S2B(6;1B) 0 0
H(2;1A)-S2B(26;3) 120 99
NH(2;1A)-S2B(26;5) 127 108
H(2)-S2B(6;HCA) 160 136
H(6;1B)-S2B(2;Cys) 205 201
H(6;3A)-S2B(2;Cys) 192 189
H(6;3A)-S2B(26;3) 130° 130
NH(6;3A)-S2B(26;5) 142° 130

“BS-147 state.

energy of an isolated NH; molecule in a water-like continuum
solvent).

E, state

Next, we added an electron and a proton to reach state E;. We
studied first the H,NNH; form of the substrate. The results are
gathered in Table 5. The most stable structure has H,NNH;
bound end-on to Fe2 with the non-bonded NH; group forming
a hydrogen bond to S1A (1.92 A) and with another of the H
atoms pointing transversely to the backbone N atom of Ser-278
(1.90 A). S2B bridges Fe2 and Fe6 with the proton on the S3A
side (H,NNH;(2;1A)-S2B(26;3) in Fig. 5). It is most stable in the
triplet BS-147 state. A structure with the S2B proton on the
other side is 10 k] mol™ less stable. Structures with the non-
bonding NH; group pointing in the other direction, forming
hydrogen bonds to S2A and S2B (2.13 and 2.16 A) and with
one of the NH, protons forming a hydrogen bond to SG of Cys-
275 (2.68 A) are 26-43 k] mol~" less stable.

Table 5 Relative energies (kJ mol™) of the various structures optimised
for the E; state with an intact N=N. bond. All structures are in the triplet
BS-147 state unless otherwise noted

Structure ’SCAN TPSSh
H,NNH;(2;1A)-S2B(26;3) 173 149
H,NNH;(2;1A)-S2B(26;5) 183 158
H,NNH;(2;2A)-S2B(26;3) 199 177
H,NNH;(2;2A)-S2B(26;5) 214 192
H,NNH;(6;1B-diss)-S2B(26;3) 168 154
H,NNH;(6;1B-diss)-S2B(26;5) 160° 158
H,NNH;(6;3B)-S2B(26;3) 177¢ 177
H,NNH;(6;3B)-S2B(26;5) 178 183
NH,(2;1A) + NH;(26)-S2B(6;HCA) 83° 71
NH,(26) + NH;(6;HCA)-S2B(2;Cys) 23? 14
NH,(26) + NH;(6;HCA)-S2B(2;N) 23" 24
NH,(26) + NH;(2;Cys)-S2B(6;1B) o 0o
NH,(26) + NH;(diss)-S2B(6;1B) 29”

NH,(2;NH;) + NH;(diss)-S2B(6;HCA) 58° a4?

@ BS-235 state. ” BS-346 state. © BS-156 state.

This journal is © The Royal Society of Chemistry 2024
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4
N

H,NNH;(2;1A)-S2B(26;3) — 173/149

\ &

NH;(6;HCA)-S2B(26;3) — 0/0*
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P

N/
H,NNH;(6;3B)-82B(26;3) - 177/177

NH;(6;HCA)-S2B(26;5) — 2/3*

Fig. 5 The E; structures with relative energies in kJ mol~ indicated (r’SCAN/TPSSh; * indicates another reference state).

Structures with H,NNH; bound end-on to Fe6 are only
4-5 k] mol™ less stable with r*SCAN, but 28-34 kJ mol™" less
stable with TPSSh. In the best structure (H,NNH;(6;3B)-S2B
(2653) in Fig. 5), the non-bonding NH; group forms hydrogen
bonds to $3B and $2B (2.21 and 2.27 A). S2B still bridges Fe2
and Fe6, with the proton on the S3A side. If the NH; group is
moved to the other side, the ligand actually dissociates, giving
a structure that is actually 9 k] mol™" more stable than the best
state with r?SCAN but 6 k] mol ™" less stable with TPSSh.

From the H,NNH;(2;1A)-S2B(26;3) structure, the N-N bond
can easily be cleaved with an activation energy of only 41-50 kJ
mol™". Therefore, we studied several product (NH, + NHj)
structures. In the best structure (NH,(26) + NHj3(2;1A)-S2B

This journal is © The Royal Society of Chemistry 2024

(6;1B) in Fig. 5), NH, bridges Fe2 and Fe6, whereas NH; binds
to Fe2, forming a hydrogen bond to S1A (2.67 A). $2B binds
only to Fe6, with the proton pointing towards S1B (3.29 A). It is
most stable in the triplet BS-156 state. This structure is
149-173 k] mol~* more stable than the best H,NNH; structure.
Structures with NH; instead binding to Fe6 is only 14-23 kJ
mol ™" less stable.

NH; can dissociate from the FeMo cluster with an acti-
vation energy of only 32 k] mol™". Therefore, we also studied
structures without NH; (i.e. dissociated and excluded from the
calculations). The results are shown in Table 6. The most
stable structure has NH; bound to Fe6, ie. with a proton
abstracted from homocitrate (NH;(6;HCA)-S2B(26;3) in Fig. 5).

Dalton Trans., 2024, 53, 1500-11513 | 11509
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Table 6 Relative energies (kJ mol™) of the various structures optimised
for the E; state with NH3 dissociated. All structures are in the quintet
BS-235 state unless otherwise noted

Structure ’SCAN TPSSh
NH,(26)-S2B(2;Cys) 47 35
NH,(26)-S2B(2;N) 54 42
NH,(26)-S2B(6;3B) 24 26
NH,(26)-S2B(6;1B) 26 19
NH,(2)-S2B(26;3) 78° 66
NH,(2)- SZB(26 5) 75¢ 66
NH,(2;2A)-S2B(6;3B) 217

NH,(6;1B)-52B(26;3) 77 79
NH,(6;1B)-S2B(26;5) 76 80
NH;(6;HCA)-S2B(26;3) 0 0
NH;(6;HCA)-S2B(26;5) 2 3

“BS-147 state.

Table 7 Relative energies (kJ mol™) of the various structures optimised
for the Eg state. All structures are in the quartet BS-235 state

Structure ’SCAN TPSSh
NH;(2)-52B(26;3) 0.6 0
NH;(2)-S2B(26;5) 3 3
NH;(2)-S2B(6;3B) 26 “
NH;(2)-S2B(6;1B) 16 a
NH;(6)-S2B(26;3) 0.0 5
NH;(6)-S2B(26;5) 0.1 5
NH,(diss)-S2B(26;3) 13 22
NH,(diss)-S2B(26;5) 11 21

“ Converged to another structure.

One of the protons forms a hydrogen bond to the alcohol O
atom of homocitrate (2.23 A), whereas another is directed
towards S2B (2.81 A). The latter atom bridges Fe2 and Fe6 with
the proton on the S3A side. It is most stable in the quintet
BS-235 state. A structure with the S2B proton on the other side
is 2-3 kJ mol ™" less stable (NH;(6;HCA)-S2B(26;5) in Fig. 5).

Structures with NH, bridging Fe2 and Fe6 are at least
19-24 kJ mol™" less stable. They have S2B binding to only one
Fe ion, preferably Fe6. Structures with NH, binding to either
Fe2 or Fe6 (with S2B bridging Fe2 and Fe6) are at least 66-79
or 76-79 kJ mol™" less stable than the NH;(6;HCA)-S2B(26;3)
structure.

Eg state

Finally, we studied the Eg state with NH; bound to the FeMo
cluster. The results are collected in Table 7. Four structures are
essentially degenerate (within 5 kJ mol™). Two have NH;
bound to Fe6 with one of the protons forming a hydrogen
bond to the acetate group of homocitrate (1.87-1.90 A) and
S2B bridging Fe2 and Fe6 with the proton either on the S3A or
S5A side (NH;(6)-S2B(26;3) and NH;(6)-S2B(26;5) in Fig. 6).
The other two have NH; bound to Fe2 with the three protons
approximately in the directions of SG of Cys-275, S1A and S2A
(all distances are 3.0-3.2 A) and S2B bridging Fe2 and Fe6 with
the proton either on the S3A or S5A side (NH;(2)-S2B(2653) and

1510 | Dalton Trans., 2024, 53, 1500-11513
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NH3(2)-S2B(26;5) in Fig. 6). Structures with S2B binding only
to Fe6 and NH; to Fe2 are 16-26 k] mol™' less stable.
Structures with NH,, where the proton has been abstracted
from homocitrate, are 11-13 (r’SCAN) or 21-22 kJ mol™"
(TPSSh) less stable and in these NH, has dissociated from the
cluster (and S2B bridges Fe2 and Fe6). All structures are most
stable in the quartet BS-235 state.

Conclusions

We have investigated whether structures with S2B dissociated
from either Fe2 or Fe6 may be involved in the second half of
the reaction mechanism of nitrogenase. As mentioned in the
Introduction, we have previously studied this part of the reac-
tion mechanism assuming either that S2B binds both to Fe2
and Fe6 or that it is fully dissociated from the FeMo
cluster.*®3° However, recent studies have indicated that for the
E,-E, states, structures with S2B dissociated from either Fe2 or
Fe6 are more stable than structures with a bridging $2B.>>*4*°
Therefore, it is of great interest to know how this finding
affects the second half of the reaction mechanism. To make
such a half-dissociation possible, we have added one extra
proton on S2B, compared to the previous studies. Moreover,
we employ two DFT functionals, r*SCAN and TPSSh, which in
previous studies have supported and favoured half-dissociation
of $2B,>>***° but also giving accurate results for the FeMo
cluster of nitrogenase.>®

Interestingly, we see little advantage of half-dissociation of
S2B. For the E, and E; states, such structures are at least 16-24
and 9-15 kJ mol™" less stable than the best structures with a
bridging S2B, respectively. For the Eq state, structures with a
half-dissociated S2B are disfavoured by 47-52 kJ mol™".
However, with NH; dissociated, the best E¢ structure has S2B
bound only to Fe6, because the NH ligand takes the Fe2-Fe6
bridging position. On the other hand, our results indicate that
such structures are not involved in the mechanism. The situ-
ation is similar for the E; state: With an intact N-N bond, only
structures with a bridging S2B ligand is found, whereas after
cleavage of N-N bond, NH, prefers to bridge between Fe2 and
Fe6, forcing S2B to dissociate from Fe2 in the most stable
state. However, the substrate may also extract a proton from
homocitrate, giving NH;, which prefers to bind to Fe6 and
then S2B goes back to a bridging position. In the Eg state, NH;
may bind either to Fe2 or Fe6, but S2B prefers a bridging posi-
tion by at least 16 k] mol ™.

Fig. 7 shows our suggested reaction mechanism for nitro-
genase with an extra proton on S2B. It contains only a single
half-dissociated structure, NH,(26) + NH;(2;1A)-S2B(6;1B), and
only intermittently during the E; state. Therefore, we conclude
that half-dissociation of S2B needs to be considered in the
reaction mechanism of nitrogenase but seems to be of minor
importance during the second half-reaction. The reason for
this may be that there are no states with a bridging hydride
ion in the second half-reaction.

This journal is © The Royal Society of Chemistry 2024
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NH;(2)-52B(26:3) — 1/0
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NH;(2)-S2B(26;5) - 3/3

Fig. 6 The best Eg structures with relative energies in kJ mol™ indicated (r2.SCAN/TPSSh).

+4e,
+5H* |-Hy

NN Cleave \

Fig. 7 Suggested reaction mechanism for nitrogenase, assuming that the S2B ligand is protonated.

In this study we have compared the results of two DFT func-
tionals, r’SCAN and TPSSh. The two functionals give similar
results for both structures and relative energies. For example,
mean absolute deviation of the relative energies calculated
with the two methods in Tables 1-7 are 5-10 k] mol™" and for
the most stable structures in Fig. 2-6, the maximum difference

This journal is © The Royal Society of Chemistry 2024

in the relative energies is 1-11 kJ mol™". The only exception is
when different BS states are involved; then the difference can
increase up to 25 kJ mol™ (for example H,NNH;(2;1A)-S2B
(26;3) in Fig. 5). Thus, the two functionals give quite similar
results although one of them is a meta generalised gradient
approximation functional, whereas TPSSh is a hybrid func-

Dalton Trans., 2024, 53, 1500-11513 | 11511
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Abstract: We have calculated redox potentials of the two metal clusters in Mo-nitrogenase with
quantum mechanical (QM) calculations. We employ an approach calibrated for iron-sulfur clusters
with 14 Fe ions, involving QM-cluster calculations in continuum solvent and large QM systems
(400-500 atoms), based on structures from combined QM and molecular mechanics (QM/MM)
geometry optimisations. Calculations on the P-cluster show that we can reproduce the experimental
redox potentials within 0.33 V. This is similar to the accuracy obtained for the smaller clusters,
although two of the redox reactions involve also proton transfer. The calculated P'*/PN redox
potential is nearly the same independently of whether P!* is protonated or deprotonated, explaining
why redox titrations do not show any pH dependence. For the FeMo cluster, the calculations clearly
show that the formal oxidation state of the cluster in the resting Eg state is Mo'!!FellFell!, in agreement
with previous experimental studies and QM calculations. Moreover, the redox potentials of the first
five Eg—E4 states are nearly constant, as is expected if the electrons are delivered by the same site (the
P-cluster). However, the redox potentials are insensitive to the formal oxidation states of the Fe ion
(i.e., whether the added protons bind to sulfide or Fe ions). Finally, we show that the later (E4—Eg)
states of the reaction mechanism have redox potential that are more positive (i.e., more exothermic)
than that of the Ey/E; couple.

Keywords: nitrogenase; redox potential; formal oxidation states; FeMo cluster; P-cluster

1. Introduction

Gaseous nitrogen (N») is the main component of our atmosphere, but nitrogen is still a
limiting element for plant life and a major ingredient in synthetic fertilisers. The reason for
this is that the triple bond in N=N is extremely strong and inert, making N unavailable for
most plants [1-3]. Industrially, N, is converted to NH3 by the Born-Haber process, which
was invited in the early 20th century and is considered as a major cause of the human
population explosion [1]. It requires high temperature and pressure.

N, +8e~ +8H"* +16 ATP — 2 NH; + H, + 16 ADP + 16 P; (1)

However, a few bacteria and archaea can perform the same conversion at ambi-
ent temperature and pressure. This is accomplished by the enzyme nitrogenase (EC
1.18/19.6.1) [2,4-10]. The reaction is still quite demanding, requiring 16 molecules of ATP,
eight electrons and eight protons [2,4,5]: X-ray crystallographic studies have shown that
nitrogenase contains two unusual iron—sulfur clusters [6-10]. The P-cluster, FegS;Cysg, is
essentially two merged [4Fe—4S] clusters with a central sulfide ligand coordinating to six
iron ions (Figure 1a). It is employed for electron transfer from the Fe-protein, which do-
nates the electrons, to the active site. The latter is the FeMo cluster, which is a complicated
MoFe;S9C(homocitrate) cluster, with a central carbide ion (Figure 1b) and connected to
the protein by one cysteine and one histidine residue at the opposite ends of the trigonal

Molecules 2023, 28, 65. https:/ /doi.org/10.3390 / molecules28010065
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prismatic cluster. There exist also alternative nitrogenases, in which the Mo ion is replaced
by V or Fe [11].

Figure 1. The cores of (a) the P-cluster (PN state) and (b) the FeMo cluster (E, state) with atom
names indicated.

Nitrogenase has been extensively studied by both experimental [2-5,12-17] and com-
putational methods [18-22]. The reaction is normally described by the Lowe-Thorneley
cycle [23], in which eight intermediates are recognised, Eg—Eg, based on the number of
added electrons and protons. It has been shown that the resting E state needs to be reduced
by three or four electrons before the Nj substrate can bind [2,3]. It is believed that the
binding is facilitated by the reductive elimination of H from the cluster, explaining why
Hj is a compulsory byproduct of the reaction. However, many details of the reaction are
still unknown and many conflicting mechanisms have been suggested [3,18].

The Lowe-Thorneley cycle emphasizes the importance of electron and proton transfer
in the reaction cycle of nitrogenase. The driving force of electron transfer is the redox
potential. Unfortunately, it is hard to measure redox potentials of the FeMo cluster in
nitrogenase because the reaction cannot be arrested at certain E; states [24]. The only
certain redox potential is between the resting E state and a one-electron oxidised state,
which is outside the Lowe-Thorneley cycle (we will denote it E_;), —0.042 V [5,24-26]. For
the reduction of the resting state, a redox potential of —0.45 to —0.49 V have been reported,
but they may represent a mixture of reduced states [24,25,27-29].

Redox potentials can also be calculated by computational methods. However, the
accuracy is limited. For redox sites of the same type in variants of the same protein (i.e., from
different organisms or mutations), calculations based on the Poisson—-Boltzmann equation
or similar methods may give mean errors of 0.03-0.11 V for relative redox potentials [30-38].
For absolute potentials and sites of different types, quantum mechanical (QM) calculations
are needed and the accuracy is appreciably worse. Typical errors are 0.2-0.6 V [30-34] and
a prediction of the potential of the FeMo cluster had an error of 1.3 V, leading to incorrect
identification of the central carbide ion [39]. Even all-atom QM molecular dynamics and
free-energy calculations did not give an accuracy better than 0.26 V [40].

Recently, we performed a comparison and calibration of various combined QM and
molecular mechanics (QM/MM) methods to estimate redox potentials of 13 iron-sulfur
clusters with 14 Fe ions [41]. We showed that the best results were obtained by QM-cluster
calculations in a continuum solvent with a high dielectric constant, using a large QM
model (~300 atoms), based on QM /MM structures. With such an approach, we obtained a
mean absolute error of 0.17'V, after removal of a systematic error of 0.62 V. The maximum
error among the 13 studied potentials was 0.44 V. However, even if the accuracy is rather
mediocre, it is enough to make useful predictions, e.g., what redox couple is employed by
the [4Fe—4S] ferredoxins.
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In this study, we employ this calibrated approach to study redox potentials in nitroge-
nase. We study four issues: First, we examine whether the computational method works
also for the more complicated P- and FeMo clusters in nitrogenase, with redox potentials
that also involve proton transfer. Second, we obtain an independent check of the redox
state and charge state of the FeMo cluster. Third, we examine the recent suggestion that the
Eo-Ej4 states should operate at a nearly constant potential, employing only a single redox
couple [42,43]. Fourth, we study the redox potentials of different reaction mechanisms after
the binding of the substrate (i.e., for the E4—Eg states).

2. Result and Discussion
2.1. Redox Potentials of the P-Cluster

We started the investigation with testing our methodology [41] on the P-cluster to see
if the results are reliable also for the large iron-sulfur clusters in nitrogenase and for redox
reactions involving protonation of the clusters. The P-cluster (Figure 1a) contains eight Fe
ions and the resting Py state has been shown to be the fully reduced Fe{ state [44-46]. Three
additional states have been experimentally observed, oxidised by 1-3 electrons [44—46].
They are denoted P'*-P%*. Only the first two states are believed to be involved in the
catalytic mechanism, although there are some evidence that also the P?* state may be
used [46—49]. Crystallographic studies have shown that in the PN state, the cluster is
essentially two [4Fe—4S] clusters merged by the S1 sulfide ion that coordinates to six Fe
ions (cf. Figure 1a). In the P?* state, Ser-188D becomes deprotonated and coordinates to
Fe6 [48,50,51]. Likewise, the backbone N atom of Cys-88 (the sidechain of which is one of
the ligands to the P-cluster) also becomes deprotonated and coordinates to Fe5 [48,50,51].
This leads to cleavage of the Fe5-S1 and Fe6-5S1 bonds. The same structure is expected
for the P3* state. The structure of the P1* state is more uncertain, because redox titrations
indicated that only the P>* /P!* redox-couple is pH-dependent, whereas no evidence was
found for a coupled electron- and proton-transfer for the pl+/pN couple [52,53]. However,
a recent crystal structure was interpreted to contain deprotonated Ser-188D and protonated
Cys-88, although it is probably a mixture of the P1* and the P?* states [54-56].

Six states of the P-cluster were considered in this study as are described in Table 1.
Each state was first QM/MM optimised with the small QM system and then subjected to a
single-point energy calculation with the large QM system in a COSMO continuum solvent
with a dielectric constant of 80. The QM /MM structures and the best BS states were taken
from our previous publication [55]. The calculated redox potentials are listed in Table 2
and they are compared to experimentally measured redox potentials [5] in order to gauge
the accuracy of the method when applied to the P-clusters of the nitrogenase. For the P1*
state, we tested three different protonation states.

Table 1. The various states studied for the P-cluster. The table lists an abbreviation (Abb.) for each
state, the protonation status for Cys-88 and Ser-188D (P = protonated, D = deprotonated), the spin
state (S), the BS state (specifying Fe ions with minority spin) and the net charge of the QM systems
(ch; same for both for QM /MM and for the redox calculations).

State Abb. Cys-88 Ser-188 S BS ch
reduced PNH, P P 0 1247 —4
one-electron oxidised Pl*H, P P 1/2 1247 -3
P*H P D 1/2 1247 —4

pl+ D D 1/2 1247 -5

two-electron oxidised P2+ D D 4 358 —4
three-electron oxidised p3* D D 7/2 358 -3
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Table 2. Redox potentials of five redox couples for the P-cluster in V. EZ,

from the COSMO calculations, Eg,,, are calculated redox potentials corrected by the mean signed error
(MSE = —0.62 V) from our previous study [41] (i.e., E¢ = EQ;. +0.62V), ngp is the experimental
redox potentials [5,24,25,45] and Eg,, is the error for the various calculations. Results with E¢,, < 0.44 V

are marked in bold face.

| is the raw redox potentials

Redox Couple E2c ) - Edqp E2..

PNH, — P*H, —0.62 0.00 —0.309 0.31

PNH, — P*H —0.60 0.02 —0.309 0.33
P*H — P2+ —0.48 0.14 <—0.2242 <0.36
plt — p2+ -1.69 —-1.07 <—0.3482 <0.72
P2+ — p3+ —0.58 0.04 0.09 —0.05

2 The measured redox potential for the P2*/P'* couple is pH dependent, decreasing from —0.224 V at pH 6.0 to
—0.348 V at pH 8.5 (cf. the text) [52].

It can be seen that the redox couples P?* — P3* and PNH, — P!*H give errors of 0.05
and 0.33 V, respectively, compared to experimental potentials. These are within the range of
errors observed in our previous study (maximum error 0.44 V) [41]. This is quite satisfying,
especially considering that one of the considered redox potentials for the P-cluster involves
coupled redox and protonation reaction, whereas the calibration study involved only pure
redox reactions. This gives us confidence to apply the method also to the FeMo cluster.

For the P* /PN redox potential, the calculated result is essentially independent on
whether we include the proton transfer or not in the calculations (the PNH, — P*H,
and PNH, — P!*H give calculated redox potentials that differ by only 0.02 V). This is
in agreement with the experimental observation that the P1*/PN redox potential is pH-
independent [52,53] and may solve the enigma why redox titrations did not observe
any pH-dependence although crystal structures indicate that a deprotonation should be
involved in this redox reaction [54-56].

For the P'*H — P?* transition, the comparison with experimental results is somewhat
harder, because the measured redox potential changes with pH, from —0.224 V at pH 6.0
to —0.348 V at pH 8.5 [52]. This has been interpreted to reflect the deprotonation of the
backbone amide group of Cys-88: At very low pH, it is protonated in both the P'* and P2*
states, whereas at high pH, it is deprotonated in both redox states. At intermediate pH
(i-e., in the measured range), it is protonated in the P!* state and deprotonated in the P>
state [52]. Our calculations confirm these suggestions: We obtain a more positive poten-
tial for the P>*/P*H couple (E,, = 0.1 V) than for the P**/P* couple (E%,, = —1.1 V).
However, the restricted pH range of the measured potentials makes it hard to make a more
detailed judgement of the calculated potentials. The experiments indicate that the redox
potential of the pure P'*H — P?* transition is larger than —0.224 V, indicating an error
of less than 0.36 V for our calculated potential. Likewise, the redox potential of the pure
P!+ — P?* transition is more negative than —0.348 V, indicating an error of less than 0.72 V.
Thus, our calculations confirm the experimental observation that the P — P2* transition
involves a proton transfer [52,53], but we cannot obtain any detailed estimate of the error
for this redox couple.

2.2. Accuracy of the Redox Potential of the FeMo Cluster and Oxidation Level of the Cluster

As mentioned above, only two experimental redox potentials have been reported
for the FeMo cluster [24,25]. A potential of —0.042 V has been measured between the
resting state and a one-electron oxidised state [26,45] (not involved in the normal reaction
mechanism). Redox potentials for more reduced states are harder to measure, because
reduction starts substrate or proton reduction. No firm measurement is available, but the
potential between the resting state and a steady-state reduced state (which my represent
more than one reduced state) has been estimated in four studies between —0.45 and
—0.49 V [24,25,27-29]. In two cases, another potential of —0.30 to —0.32 V was also reported,
but it may come from the P-cluster [24].
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For the FeMo cluster, we wanted to study two related questions, viz. whether we can
reproduce these potentials with our QM calculations, within the accuracy of the method,
and whether we can identify the correct redox couple of the FeMo cluster. Recent Mossbauer,
anomalous dispersion and QM investigations have suggested that the resting E state of
the FeMo cluster is in the MoHIFegFeEI oxidation state [13,42,57,58]. However, this gives a
large net negative charge of the cluster and its direct ligands (—5 e), which is only partly
neutralised by two nearby arginine residues. Moreover, protonation energies of various
groups of the FeMo cluster are unexpectedly large [59,60]. Therefore, an independent
confirmation of the oxidation-state assignment is desirable.

To this end, twelve states of the FeMo cluster were considered, described in Table 3.
We studied the resting E state, together with the one-electron oxidised and one-electron
reduced states. For the latter, we considered both a structure with no protons added and
a state with a proton added on the S2B p, bridging sulfide ion, as has been suggested by
several QM investigations [18,59] and is also supported by experimental studies [61,62]. For
the standard oxidation-state assignment (MoIHFegFeEI for E), these states are denoted E,
E_j, E; and E;H. In addition, we considered two alternative charge states, either with two
more or two electrons less (experimentally the resting state is a quartet [2,3], i.e., with an
odd number of electrons, so electrons need to be added or removed in pairs). These states
are called Ag, A_1, A and A;H when two electrons were added (i.e., giving Mo "Fel Fel
for the Ay state) and Ry, R_1, R and R;H when two electrons were removed (i.e., giving
MoIHFe{IFeéH for the Ry state; note that Ry = E_; and A_1 = E;). The calculated redox
potentials are listed in Table 4.

Table 3. States studied for the resting, one-electron reduced or one-electron oxidised states of the
FeMo cluster. The table lists the protonation status of the S2B atom (P = protonated, D = deprotonated),
the spin state (S), the BS state (specifying Fe ions with minority spin), and the net charge of the QM
systems (ch; same for both for QM /MM and for the redox calculations).

State S2B S BS ch
R 4 D 1 235 0
Ro D 3/2 235 -1
Ry D 2 235 -2
RiH P 2 235 -1
E D 1 235 -2
Ey D 3/2 235 -3
E D 2 235 —4
EH P 2 235 -3
A4 D 2 235 —4
Ag D 3/2 235 -5
Aq D 2 235 —6
AH P 2 235 -5

It can be seen that with the standard charge state (MOHIFegFeEI for Eg), our calculations
reproduce the two experimental redox potentials with errors of 0.17 and 0.19 V, i.e., well
within the error range observed in our previous study (maximum error 0.44 V) [41] and
also for the P-cluster. However, the good results are observed only if it is assumed that the
reduction of Eg is accompanied by the uptake of by a proton (i.e., Eg — E1H; for Ey — E;,
the error is 0.6 V), showing that the calculations confirm that a proton transfer is involved
in the redox reaction.

If we instead consider a FeMo cluster with two electrons less (i.e., with a MoHIFeﬁlFeléH
assignment for the resting state, here called Ry), the calculated potentials reproduce the
experimental redox potentials worse: The R_; — Ry transition gives and error of 2.0 V,
much larger than the maximum error in our previous study [41], whereas Ry — R;H gives
an error of 0.43 V.
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Table 4. Redox potentials for various redox couples of the FeMo cluster in V. EZ ,  is the raw redox
potentials, EQ,, = E,) .+ 0.62 V (the MSE in our previous study [41]), Egy, is the experimental redox
potentials (for the Ey/E; couple, we used —0.47 V, which is in the middle of the range of reported
values) [5,24,25,27-29] and E,, is the error for the various calculations. Results with ES,. <0.44 V are

marked in bold face.

Transition E2c ) - Edqp E2..
R_; — Ry 1.31 1.93 —0.042 1.98
Ryp = Ry 0.42 1.04 (—0.47) 151
Ryp — RiH —0.66 —0.04 —0.47 0.43
E_;1 = E —0.49 0.13 —0.042 0.17
Ey— E; —1.69 —1.07 (—0.47) —0.60
Eo — E1H —1.28 —0.66 —047 —0.19
A1 = Ay —6.88 —6.29 —0.042 —6.21
Ay — Aq —3.46 —2.84 (—0.47) —2.37
Ay — AH -1.57 —0.95 —047 —0.48

Likewise, if we instead add two extra electrons (Mo''FellFell! for the resting state),

we get a very large error (over 6 V) for the A_; — A( potential. For the A — AjH
transition, the error is smaller, —0.48 V, but it is still somewhat larger than the maximum
error observed in our calibration study. Thus, our calculations confirm that Mo"Fe] Fel
is the proper redox assignment for Eqg. Apparently, the E_;/E( redox potential is more
sensitive to the involved redox couple than the Ey/E{H potential. The calculations also
confirm that the E; state is protonated.

2.3. Redox Potentials of the Eg—E4 States of the FeMo Cluster

Next, we studied also the E¢—E,4 states of the FeMo cluster from Lowe-Thorneley
reaction cycle. The aim was to examine the suggestion that all the Eo—E, states should have
similar redox potentials, because they use only two formal redox states, Mo''Fe}Fell and
Mo'FellFell! [42,43]. This is suggested to be accomplished by the added protons, which
bind to Fe ions in the E; and E, states, thereby formally becoming hydride ions and chang-
ing the oxidation state of the Fe ions by two. Thus, the five states Eg—E; would formally be
FelFelll, FelFellH", FellFellH"H™, FellFel'H] H~ and Fel[Fel'H] H, (leaving out Mo,
which always is in the +III state).

We used mainly structures from previous studies [59,63—67] and included a few al-
ternative structures for each state (except for Eg and E;H, for which there is a reasonable
consensus), to see if we can discriminate between different possibilities using the redox
potentials. The various structures are described in Table 5 (they are also shown in Figure S3)
and the calculated redox potentials are listed in Table 6. We use the redox potential of the
Eo/E1H couple as a reference (AE2, . = E2, . — AE2, (Eo/E1H)) to judge if all transitions
have similar redox potentials.

Table 5. Structures studied for the Eg-Eg states of the FeMo cluster. The table lists the protonated
atoms or the added substrate, the spin state (S), the BS state (specifying the Fe ions with minority spin),
and the net charge of the QM systems (ch; same for both for QM/MM and for the redox calculations).

State Protonated Atoms/Substrate S BS ch
Eoy - 3/2 235 -3
EH S2B(3) 2 235 -3
E;H, S2B(3), Fe2/6(5) 3/2 247 -3
E,H,' S2B (dissoc from Fe2), Fe2/6(5) 3/2 247 -3
EHy” S2B(3), S5A(3) 3/2 247 -3
E3Hj3 S2B(3), Fe2/6(5), Fe3/7(2) 1 14 -3
E3Hj' S2B(3), Fe2/6(5), Fe5 1 14 -3

E4H, S2B(3), Fe2/6(3), Fe3/7(2), S5A(3) 1/2 14 -3
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State Protonated Atoms/Substrate S BS ch

E4Hy S2B(3), Fe2/6(5), Fe3/7(2), SSA(3) 1/2 14 -3
E4Hy” S2B(5), Fe2/6(5), Fe3/7(2), SSA(2) 1/2 14 -3
E4Hy”! S2B(3), Fe2/6(3), Fe6, Fe5 1/2 14 -3

With S2B still bound
E4NoH; HNNHj; (proton from HCA) 1/2 147 -3
EsN,Hj H,;NNH; (proton from HCA) 1 147 -3
EgNoHy NH; + NHj (proton from HCA) 1/2 147 -3
E¢NH NHj; (proton from HCA) 1/2 147 -3
E;NH, NHj (proton from HCA) 1 147 -3
EgNHj; NH; 1/2 147 -3
With S2B dissociated

E4N2H2/ NNH, 1/2 147 -1
EsNoHs' HNNH, 1 147 -1
E6N2H4/ H;NNH, 1/2 147 -1
E7N,Hs' NH, + NHj3 0 147 -1
E;NH,' NH, 1 147 -1
EgNH;’ NH; 1/2 147 -1

Table 6. Calculated redox potentials for the Fo—Eg states of the FeMo cluster. The last column (AES,, )
reports the difference in the calculated redox potential compared to that of the Ey — E;H transition.

Redox potentials for the most favourable structures of the first four transitions are shown in bold face.

Transition E . AEY
Ey — EiH -1.28 0.00
EH — EH, ~1.20 0.08
EyH — EpHy’ —145 017
EH — EHy,” ~1.29 0.00
E,H, — EzHj —1.47 —-0.19
E,Hy — E3H3/ —1.81 —0.53
EsHs — E4Hy —0.87 0.41
EsH; — E4H4/ —1.10 0.18
E3H; — EqHy” —1.34 —0.06
EsH3 — EgHy”' —1.49 —0.21
With S2B
E4NoH, — EsNoHj —0.15 1.13
EsNpH3 — EgNoHy —0.87 0.41
E¢NH — E;NH, 0.74 2.02
E;NH, — EgNH; —071 0.57
Without S2B
E4N2H2/ — E5N2H3/ —0.31 0.97
E5N2H3/ — E6N2H4/ —1.07 0.20
E5N2H4/ — E7N2H5/ 1.37 2.65
E;NH,’ — EgNHy' ~1.09 0.19

In our previous studies, we found that with the TPSS functional, the best E;H, struc-
ture has a proton on S2B and a hydride ion bridging Fe2 and Fe6 [59,64]. It can be seen
that the estimated redox potential for the E;H — E,H, transition is similar to that of the
Eop — E;H transition, only 0.08 V less negative. This confirms the conjecture that the FeMo
cluster in the early E,, states should have a constant redox potential.

If we instead use another structure for the E;H; state with the extra two protons
bound to S2B and as a hydride ion bridging Fe2 and Fe6, but with S2B dissociated from
Fe2 (but not from Fe6; called E;Hy'), the redox potential for the E;H — E;H,' transition
decreases by 0.25 V. This simply reflects that with TPSS-D4/def2-SV(P) and the 399-atom
redox model, the E,H,’ structure is 0.25 eV (24 kJ /mol) less stable than the E,H, structure.
For the 184-atom QM /MM model, the difference is 15 kJ/mol. In our previous study, we
showed that the relative stability of the structures with the protonated S2B group bridging
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Fe2 and Fe6 or dissociated from one of the two iron ions depends on what DFT functional is
used [64]. For example, with the TPSSh functional, the EoHy' structure is instead 11 kJ/mol
more stable. Consequently, the redox potentials will also depend on the QM method used,
with differences of ~0.3 V.

If we instead use a structure for the E;H, state with the two protons on S2B and
S5A (EpH,”), the calculated redox potential is 0.08 V more negative than with the most
stable E;H state. Again, this reflects that this protonation state is 9 kJ/mol less stable.
However, it also shows that the formal oxidation states in the FeMo cluster have only a
minor influence on the redox potential. The E;H,” state involves two protons on sulfide
groups and therefore represents a doubly reduced formal FellFelTH state in contrast to the
FellFel'H*H™ state for EyH, and EyH,'. This shows that as long as the various protonation
states have similar relative energies, they will also have similar redox potentials, showing
that there is no major difference between different formal oxidation states of the Fe ions.
This is in line with suggestions by Dance, who has pointed out that it is misleading to make
a sharp contrast between protons on sulfides and hydride ions on Fe ions, because there is
only a small difference in the charge populations on the H atom [18].

For the EgHj state, we used a structure with the third proton bridging Fe3 and Fe7 (in
addition a proton on S2B and a hydride ion bridging Fe2 and Fe6). The estimated redox
potential for the E;H, — E3Hj transition is 0.19 V more negative than that of the Eg — E;H
transition. This is well within the maximum error in our calibration study 0.44 V [41], and
therefore still in agreement with the expectation that the electrons can be donated to the
FeMo cluster at a constant redox potential. We tested also another structure, taken from
our previous systematic study [59], in which the third proton bound to Fe5 instead (EgHj').
It gave a 0.35 V more negative redox potential (i.e., further away from that of the Eg — E;H
transition), reflecting that this structure is less stable. Interestingly, we found in contrast to
our previous study that the broken-symmetry BS-14 state was more favourable for both
these structures with the large QM model used in the redox calculations (but only for the
best structure with the smaller QM /MM-optimised model).

For the EgH3 — E4Hj transition, our estimated redox potential is 0.41 V more positive
than that of the Ey — E;H transition. This is within the maximum error in our calibration
study [41], but considering that the redox potential of the E;H, /E3Hj couple was a bit to
negative and this redox potential is a bit too positive, it might indicate that we have not
yet found the best structure for the Ej state. For E;H,, we employed the best structure
in our previous investigation of this state [63], viz. a structure with two protons on S2B
and S5A and two hydride ions bridging Fe2/6 and Fe3/7. There are several possible
conformations of such a structure. The best one has all H atoms pointing towards S3A,
except the Fe3/7 hydride, which points towards S2B (all structures are shown in Figure S3).
If we instead use a structure with the Fe2/6 hydride on the other side of S2B, i.e., the same
face as the Fe2/6 hydride, the redox potential becomes 0.23 V more negative, reflecting
that such a structure is 22 kJ /mol less stable. If we instead use the structure suggested by
Hoffman and coworkers [2,21], i.e., with all four H atoms on the same face of the cluster
(i.e., the two protons on S2B and S5A pointing in the opposite direction compared to E4Hy
and E4Hy' structures), the redox potential becomes even more negative by 0.24 V. Likewise,
if we use the best structure in our first investigation of the E4Hy state [59] (with H atoms on
S2B, Fe2/6, Feb and Fe6), the redox potential becomes 0.15 V even more negative, reflecting
that this structure is 59 kJ/mol less stable than the best state.

In conclusion, we find that for all four calculated redox potentials for the Eg—E4 states
are similar, within 0.41 V, i.e., within the accuracy of our method. This confirm the expecta-
tion that the redox potentials should be similar [42,43] so that they can accept electrons from
the same source. However, the results are very sensitive to which structures are employed
and which QM method and broken-symmetry state is used. On the other hand, we show
that the formal oxidation states of the Fe ions (the number of protons on sulfide ions or
hydride ions on Fe) is less important for the redox potentials, contrary to the suggestion
that the redox potential depends on the formal oxidation state of the Fe ions [43,68].
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2.4. Redox Potentials of the E4—Eg States of the FeMo Cluster

Finally, we studied also redox potentials of the FeMo cluster in the later part of the
reaction, after binding of N, and its protonation to NoHy. In previous studies, we have
suggested thermodynamically stable structures for the E4NoH, to EsNHj states, either
with S2B bound or dissociated from the cluster [65-67]. We use these structures also in this
study. They are described in Table 5 and are shown in Figure S3. In Table 6, the calculated
redox potentials for both scenarios are presented.

It can be seen that both with and without S2B, the calculated redox potentials are
all less negative than that for the Eq/E{H couple, by 0.2-2.65 V. This reflects that once
N,H; has been formed, the following reactions are quite facile. Electrons tend to move
towards sites with a more positive redox potential. Therefore, redox potentials that are
more positive than those of the Eg/E;H couple indicate that the electron transfer is more
exothermic than in the Eg — E; step. Thus, the electron transfers of the E4—Eg steps of
the nitrogenase reaction are more downhill than those of the Ey—E4 reactions. However,
it might also indicate that the assumption that the bound N, directly is protonated may
be incorrect. In fact, the first protonation of N is the hardest step in the reduction of Ny
to ammonia [69], and it is possible that it requires further reduction of the FeMo cluster
before it is feasible (this part of the reaction was not studied in our previous studies). Our
results indicate that this should be further studied.

The relative sizes of the four redox potentials for the E;—Eg states are also rather
independent on whether S2B remains bound or is dissociated: The potentials of the first
and third steps E4 — E5 and E¢ — E7 are most positive, especially the latter, whereas the
redox potentials of the other two steps are closer to that of the Ey/E{H couple. For the four
reductions with S2B still bound, our calculated redox potentials are 1.13, 0.41, 2.02 and
0.57 V, whereas with S2B dissociated, the four calculated redox potentials are 0.97, 0.20,
2.65 and 0.19 V (i.e., with a somewhat larger variation). The similarity of the trends for
the two sets of potentials is conspicuous considering that the N-N bond is cleaved in the
EsNoH3; — EgNyHy transition with S2B bound, but in the EgN,H4 — E;NyHj5 transition
when S2B has dissociated.

In conclusion, our results show that later part of the reaction mechanism of Mo-
nitrogenase give redox reactions that are more exothermic than that of the Ey/E;H redox
couple. Thus, we see no evidence that a stronger driving force is needed for the reaction, as
has been suggested by Siegbahn [22]. Moreover, there is no large difference between the
mechanisms with S2B bound or dissociated.

3. Methods
3.1. The Protein

The calculations were based on the 1.0-A crystal structure of Mo nitrogenase from
Azotobacter vinelandii (PDB code 3U7Q) [8]. The setup of the protein is identical to that of our
previous studies [60,63,69,70]. The entire heterotetramer was considered in the calculations
and the quantum mechanical (QM) calculations were concentrated on the FeMo clusters in
the C subunit because there is a buried imidazole molecule from the solvent rather close
to the active site (~11 A) in the A subunit. The metal clusters not involved in the QM
calculations were modelled by MM in the fully reduced and Eg resting states, respectively,
using a QM charge model [70]. The protonation states of all residues were the same as
before [70], and the homocitrate ligand was modelled in the singly protonated state with
a proton shared between the hydroxyl group (O7 that coordinates to Mo) and the O1
carboxylate atom [57,70]. The protein was solvated in a sphere with a radius of 65 A around
the geometrical centre of the protein. C1~ and Na* ions were added to an ionic strength of
0.2 M [71]. The final system contained 133 915 atoms. For the protein, we used the Amber
ff14SB force field [72] and water molecules were described by the TIP3P model [73]. The
metal sites [70,74] were treated by a non-bonded model [75] and charges were obtained
with the restrained electrostatic potential method [76].
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3.2. QM Calculations

All QM calculations were performed with the Turbomole software (version 7.5) [77].
All calculations were performed with the TPSS [78] functional with the def2-SV(P) basis
set [79], a combination that gave the best relative redox potentials in our previous study
(lowest mean absolute deviation and maximum error, after removal of the mean signed
error; BBLYP or larger basis sets gave more than twice as large mean absolute deviations
and maximum errors, but a slightly smaller mean signed error) [41]. The calculations were
sped up by expanding the Coulomb interactions in an auxiliary basis set, the resolution-of-
identity (RI) approximation [80,81]. Empirical dispersion corrections were included with
the DFT-D4 approach [82], as implemented in Turbomole. QM calculations were performed
on both the FeMo cluster and the P-cluster, and two different sizes of the QM systems
were employed, one smaller for QM /MM geometry optimisations and one larger for the
redox-potential calculations.

In the QM /MM geometry optimisations, the P-cluster was modelled as FegS;Cysg,
with the five of the Cys ligands modelled by CH3S™~, whereas Cys—88 was modelled by
CH3CONHCH,CH,S™, because the backbone amide group is deprotonated and coor-
dinates to Fe5 in some the more oxidised states. Likewise, Ser-188D (i.e., belonging to
subunit D, rather than C for all the other numbered residues) was included in the model
as CH3OH because it is deprototated and coordinates to Fe6 in the oxidised states. The
model contained 64 atoms for the fully protonated state and it is shown in Figure Sla in
the Supporting Information. All QM/MM structures of the P-cluster were taken from our
previous study [55].

The FeMo cluster was modelled by MoFe;SgC(homocitrate)(CH3S) (imidazole) in the
QM /MM calculations, where the two last groups are models of Cys-275 and His-442. In
addition, all groups that form hydrogen bonds to the FeMo cluster were also included in
the QM model, viz. Arg-96, GIn-191 and His-195 (sidechains), Ser-278 and Arg-359 (both
backbone and sidechain, including the CA and C and O atoms from Arg-277), Gly-356,
Gly-357 and Leu-358 (backbone, including the CA and C and O atoms from Ile-355), as well
as two water molecules. Finally, the sidechains of Glu-380, Val-70 and Phe-381 were also
included. This QM system involved 191 atoms and is shown in Figure S1b.

For the redox-potential calculations, we used the largest QM system suggested in our
previous investigation [41]. It included all functional groups in the proteins with any atom
within 3.5 A of a minimal QM system, consisting of all metal and sulfide ions together with
all direct ligands (Cys, His and homocitrate). These QM systems were set up using our
local program for BigQM calculations (changepdb) [83]. They contained ~400 atoms for the
FeMo cluster and ~500 atoms for the P-cluster, and are shown in Figure S2. The calculations
were based on the QM /MM-optimised structures.

In the redox calculations, the QM system was immersed into a continuum solvent,
employing the conductor-like screening model (COSMO) [84,85] implemented in Turbo-
mole. The default optimised COSMO atomic radii and a water solvent radius of 1.3 A
were employed to construct the solvent-accessible surface cavity [86], whereas a radius of
2.0 A was used for Fe and Mo [87]. Structures for the QM + COSMO calculations were
taken directly from the QM /MM calculations without further optimisation. The dielectric
constant was 80, which gave the best redox potentials in our previous study [41].

Redox potentials (E°) were calculated according to

E° = E(ox) — E(red) — ¢ (2)

where E(ox) and E(red) are the energies of the oxidised and reduced states, and c is a
correction factor (4.28 eV) to place the potentials on the scale of the standard hydrogen
electrode [88]. The actual value of this factor has been much discussed and values between
4.05-4.44 eV have been suggested [88,89]. To avoid this problem, we use the method
calibrated in our previous study to 13 different iron—sulfur clusters [41]. Therefore, we
subtract from the ¢ constant the mean signed error (MSE) obtained in this calibration study,
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MSE = —0.62 V or we subtract the calculated potential of the E) — E; transition from the
redox potentials of the other states.

In some cases, it is known or assumed that the cluster takes up a proton during or
after the electron transfer. In those cases, it was assumed that the proton comes from an
imidazole molecule, studied with the same QM method in a COSMO continuum solvation
solvent with the dielectric constant of water (80). Thus, we assume that the proton comes
from a group with a pK, close to 7 (6.95). This changes the calculated redox potentials
by —12.47 V.

The electronic structure of all QM systems was obtained with the broken-symmetry
(BS) approach [90]: Each of the seven or eight Fe ions was modelled in the high-spin state,
with either a surplus of « or (3 spin. Such a state can be selected in many different ways,
giving rise to different BS states, which are specified by giving the number of the Fe ions
with minority spin (the numbering of the Fe ions is shown in Figure 1) [55,60]. The various
BS states were obtained either by swapping the coordinates of the Fe ions [91] or with the
fragment approach by Szilagyi and Winslow [92].

3.3. QM/MM Calculations

QM/MM calculations were performed with the COMQUM software [93,94]. In this
approach, the protein and solvent are split into two subsystems: System 1 (the QM region)
was relaxed by QM methods. System 2 contained the remaining part of the protein and the
solvent, and it was kept fixed at the original coordinates (equilibrated crystal structure [70],
to avoid the risk that different calculations end up in different local minima).

In the QM calculations, system 1 was represented by a wavefunction, whereas all
the other atoms were represented by an array of partial point charges, one for each atom,
taken from the MM setup. Thereby, the polarisation of the QM system by the surroundings
is included in a self-consistent manner (electrostatic embedding). When there is a bond
between systems 1 and 2 (a junction), the hydrogen link-atom approach was employed:
The QM system was capped with hydrogen atoms, the positions of which are linearly
related to the corresponding carbon atoms (carbon link atoms, CL) in the full system [93,95].
All atoms were included in the point-charge model, except the CL atoms [96]. ComQum
employs a subtractive scheme with van der Waals link-atom corrections [97]. No cut-off is
used for the QM and QM-MM interactions. The geometry optimisations were continued
until the energy change between two iterations was less than 2.6 J/mol (107° a.u.) and the
maximum norm of the Cartesian gradients was below 1072 a.u.

4. Conclusions

In this study, we have investigated what information we can get from calculated redox
potentials of the two metal clusters in Mo-nitrogenase. We employ our calibrated approach
to calculate redox potentials for iron-sulfur clusters involving QM-cluster calculations in
a continuum solvent with large QM models (400-500 atoms), based on structures from
QM/MM optimisations [41]. We obtain several interesting results:

The calculations on the P-cluster show that our method gives approximately the same
accuracy as for the simple iron—sulfur clusters with 1-4 Fe ions, with a maximum error of
0.33 V (0.44 V in our previous study [41]). This shows that the calculations are accurate also
for the larger P-cluster and for redox reactions that include proton transfers.

The calculations confirm that the P1* — P2* transition involves a proton transfer (i.e.,
PYH — P?*), as is also suggested by electrochemical and crystallographic
studies [8,48,50,51,54-56].

The calculations show that the P**H,/PNH, and P*H/PNH, redox couples give
very similar redox potentials, which may explain the experimental enigma that redox
titrations do not show any pH dependence of the P'* /PN redox potential [52,53], although
crystal structures indicate that also the PN — P!* transition should involve a proton
transfer [54-56].



Molecules 2023, 28, 65

120f 16

For the FeMo-cluster, the calculations unambiguously identify MoIHFegFeﬁII as the

proper formal oxidation state for the resting E( state of the protein. This provides an
independent confirmation of this oxidation state, also suggested by previous experimental
and QM studies [13,42,57,58].

The calculations agree with experiments only if it is assumed that a proton is taken up
together with the electron in the Ey — E; reaction.

The calculations confirm that the E( to E4Hj states all have similar redox potentials
(within 0.41V, i.e., lower than the estimated maximum error of the method), as expected
for a site that should receive electrons from the same donor.

However, there is no major difference in the redox potentials between structures
with protons on the py-bridging sulfide ions or hydride ions on the Fe ions (for E;H; the
difference is only 0.08 V). This shows that there is only minor differences between hydrogen
atoms bound to S or Fe ions, as previously has been advocated by Dance [18] and that the
formal oxidation states of the Fe ions are no good indicators of the redox potentials.

The redox potentials of the later steps of the reaction mechanism (E4N;H, to Eg) are
more positive than that of the resting state (Ey/E;H), showing that the reactions are more
exothermic. The trends in the potentials do not change if S2B remains bound to the cluster
or if it dissociates. This shows that there is no need of a significantly more negative potential
for the Fe protein than measured.

The calculated redox potentials strongly depend on the structures used (the positions
of the added protons), the broken-symmetry states and the QM method employed.

Thus, our calculations show that quite strong predictions can be provided by redox-
potential calculations, even if the accuracy is rather poor compared to experimental mea-
surements (a maximum error of 0.44 V), provided that the calculations are calibrated so
that the expected errors are known. Such calculations can also identify possible problems
in suggested reaction mechanisms. Our calculations also allow us to identify what redox
reactions involve coupled electron and proton transfer, which is crucial to identify the
detailed reaction mechanism of nitrogenase. Moreover, we have been able to explain the
enigma why the P1* /PN redox potential is not pH dependent [52,53], although the crystal
structures show that the a deprotonation reaction is involved [54-56].
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and the FeMo cluster; Figure S3: Structures used for the E0-E8 states of the FeMo cluster.
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ABSTRACT: Nitrogenase is the only enzyme that can cleave the
strong triple bond in N,, making nitrogen available for biological life.
There are three isozymes of nitrogenase, differing in the composition of
the active site, viz,, Mo, V, and Fe-nitrogenase. Recently, the first crystal
structure of Fe-nitrogenase was presented. We have performed the first
combined quantum mechanical and molecular mechanical (QM/MM)
study of Fe-nitrogenase. We show with QM/MM and quantum-
refinement calculations that the homocitrate ligand is most likely /)
protonated on the alcohol oxygen in the resting E, state. The most

stable broken-symmetry (BS) states are the same as for Mo-nitrogenase, Y
i.e., the three Noodleman BS7-type states (with a surplus of § spin on Ey E; s50)
the eighth Fe ion), which maximize the number of nearby

antiferromagnetically coupled Fe—Fe pairs. For the E,; state, we find that protonation of the S2B , belt sulfide ion is most
favorable, 14—117 kJ/mol more stable than structures with a Fe-bound hydride ion (the best has a hydride ion on the Fe2 ion)
calculated with four different density-functional theory methods. This is similar to what was found for Mo-nitrogenase, but it does
not explain the recent EPR observation that the E, state of Fe-nitrogenase should contain a photolyzable hydride ion. For the E,
state, many BS states are close in energy, and the preferred BS state differs depending on the position of the extra proton and which
density functional is used.
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H INTRODUCTION

Nitrogen is crucial in sustaining life on Earth, being a

ATP molecules induces the dissociation of Fe protein, thereby
enabling further electron transfers. The MoFe protein is a a,/3,

component of all amino acids and nucleic acids. Although
N, constitutes 78% of the Earth’s atmosphere, nitrogen
remains a limiting factor for plant growth and is a main
component in artificial fertilizers." The reason is that plants
cannot metabolize N, because it involves a strong and inert
triple bond. The industrial conversion of nitrogen to ammonia
occurs through the energy-intensive Haber—Bosch process,
which involves high temperatures and pressures and accounts
for almost 2% of the world’s total energy consumption.

Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can
cleave the N—N bond in N, and convert it to ammonia. It
functions under ambient temperature and pressure. Nitro-
genase exists in three forms: Mo-nitrogenase, V-nitrogenase,
and Fe-only nitrogenase. Mo-nitrogenase is the most prevalent
form, with the highest N,-reducing activity."* ™"

Crystal structures of Mo-nitrogenase have been known since
1992'%'" and of V-nitrogenase since 2017."> However, the first
crystal structure of Fe-only nitrogenase was published this
year,13 and a cryogenic electron microscopy structure has also
been presented.'* The studies have shown that all nitrogenases
involve two proteins: the Fe protein and the Mo/V/FeFe
protein. Electrons are supplied by the Fe protein, which also
binds two ATP molecules. This binding triggers docking to the
other protein and facilitates electron transfer. Hydrolysis of the

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

heterotetramer, whereas the VFe and FeFe proteins are a,f,y,
heterohexamers, with one extra subunit. These proteins
contain an FegS,Cyss cluster called the P-cluster, which is
used for electron transfer. In addition, they contain the active
site, which is slightly different for the three types of
nitrogenases. Mo-nitrogenase contains a catalytic MoFe,SoC-
(homocitrate) cluster, known as the FeMo cluster, V-
nitrogenase contains a VFe,S3C(COs)(homocitrate) cluster
(FeV cluster), whereas Fe-only nitrogenase contains a
FeySyC(homocitrate) cluster (the FeFe cluster, as shown in
Figure la). In all three cases, the active-site cluster is
coordinated to the protein via a cysteine and a histidine
residue.lo,ll,15—17

The nitrogenases catalyze the reaction
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Figure 1. (a) FeFe cluster, (b) P cluster, and (c) Mg site in nitrogenase, also showing the atom names and the models used to calculate charges for
the MM force field.
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although all three enzymes under normal N, pressure produce
more H, and therefore consume more electrons, protons, and
ATP molecules. The mechanism is commonly described by the
Lowe—Thorneley scheme, which involves nine intermediates
denoted as E; to Eg. These intermediates differ in the number
of electrons and protons accumulated. Thorough biochemical,
kinetic, and spectroscopic studies have demonstrated the
necessity of reducing the E, state to the E, state before
nitrogen binding can occur."*~7%'8

It is generally believed that the three types of nitrogenases
follow similar reaction mechanisms.'”** However, recently, an
EPR study of the one-electron reduced E, state in Fe-
nitrogenase (the E, state is EPR active in this enzyme, in
contrast to Mo-nitrogenase) suggested that it contains a Fe-
bound hydride ion (based on the fact that the ligand is
photolyzable) rather than a sulfur-bound proton.”’ This is in
contrast to Mo-nitrogenase, for which EXAFS measurements
and combined quantum mechanical (QM) and molecular
mechanical (MM) calculations have indicated that the E;
intermediate involves a protonated yu, belt sulfide, probably
S2B (atom names are shown in Figure 1a).”> This also agrees
with previous QM and QM/MM studies, pointing out S2B as

the energetically most favorable protonation site in the E;
state.”?

Therefore, it is of great interest to examine whether there is
an intrinsic difference in the protonation preferences of Mo-
and Fe-nitrogenase in the E, state. The recent crystal structure
of Fe-nitrogenase makes such an investigation possible. In this
article, we set up the first QM/MM calculations of Fe-
nitrogenase, determining the proper protonation states of
homocitrate and His-180, as well as the broken-symmetry (BS)
state of the resting E, state. Then, we evaluated the
protonation preferences of the E,; state and discussed the
implications of the findings.

H METHODS

Protein. All calculations were based on the recent crystal structure
of Fe-only nitrogenase from Azotobacter vinelandii (PDB code
8BOQ), with a resolution of 1.55 A."* The calculations encompassed
the entire @,f,7, heterohexamer as the subunits are intertwined.
Likewise, two Mg*" ions were retained because they are deeply buried
in the protein, stabilizing the subunit interface. All crystal-water
molecules were also kept, except eight that overlapped with each other
or with protein atoms: HOH-223, 878, 976, 1086, 1122, 1173, 1255,
and 1268.

The crystal structure is a mixture of the resting state (E,) and a
turnover state in which the S2B ion is replaced by a light atom,
modeled by O in the PDB file."* The two states have almost equal

https:/doi.org/10.1021/acs.inorgchem.3c02329
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occupancy (0.5/0.5 in subunit A and 0.4/0.6 in subunit D). Gln-176
also shows two conformations. In one (connected to the resting
state), it points away from the FeFe cluster. In the other, it forms a
hydrogen bond to His-180 (2.8 A) and to the light atom, replacing
S$2B (2.5 A). The OE1 atom in the resting-state conformation of Gln-
176 is replaced by a stronger density, which is interpreted as the
storage position of the replaced S2B. In our QM/MM calculations, we
studied only the resting-state conformation so the extra O atom was
deleted as well as the corresponding conformation of GIn-176 and the
storage conformation of S2B.

The protonation states of all of the residues were determined
through a thorough analysis of the hydrogen-bond pattern and the
solvent accessibility. It was checked by the PROPKA™ and Maestro”®
software. All Arg, Lys, Asp, and Glu residues were assumed to be
charged, with the exceptions of Asp-78, Glu-62B, 245B, Lys-22, S5,
83, 339, 361, and 398B (residues without any letter after the residue
number belong to subunit A, whereas those belonging to subunits B
or C end with that letter; subunits D, E, and F were treated identically
to subunits A, B, and C, respectively, and are not explicitly
mentioned). Cys residues coordinating to Fe ions were considered
deprotonated. A thorough manual investigation of all of the His
residues gave the following protonation assignment: His-3, 4, 18, 248,
345, 364, 426, 452, 69B, 221B, and 41C were assumed to be
protonated on the ND1 atom, His-181, 342, 140B, and 190B were
presumed to be protonated on both the ND1 and NE2 atoms (and
therefore positively charged), whereas the remaining 20 His residues
were modeled with a proton on the NE2 atom. Furthermore, residue
His-452D was flipped (i.e., the C and N atoms in the imidazole ring
were exchanged). Protons were added by Maestro software,
optimizing the hydrogen-bond network.

Molecular Dynamics Simulations. All molecular dynamics
(MD) simulations were performed with the Amber22 software.””
For the protein, we used the Amber f14SB force field,” and water
molecules were described by the TIP3P model.* For the metal sites,
restrained electrostatic potential charges were employed, using
electrostatic potentials calculated at the TPSS/def2-SV(P) level of
theory®>*" and sampled with the Merz—Kollman scheme,* although
at a higher-than-default point density (~2000/atom).*® The charge
calculations were performed on a minimal model of the E, resting
state for the FeFe cluster, [FegS,(CH,S)s]*™ for the P-cluster (in the
fully reduced state) and [Mg(CH;C0O0),(H,0),] for the Mg site, all
shown in Figure 1. The charges are listed in Tables S1—S8. The metal
sites were treated by a nonbonded model,** and the positions of all
heavy atoms were strongly restrained toward the crystal structure in
the MD simulations (like all other heavy atoms in the protein; see
below).

For the MD simulations, the protein was solvated in a periodic
rectangular box of explicit water molecules, extending at least 10 A
from the solute using the leap program in the Amber suite. 234 CI™
ions and 310 Na* ions were added to neutralize the protein and
obtain an ionic strength of 0.2 M.* The ions were added by replacing
random water molecules with the leap program in Amber software.
However, some of them then end up inside the protein. This was
avoided by using local software, ensuring that all of the counterions
were in the solvent. The final system contained 251 429 atoms.

After the solvation, we performed 1000 cycles of minimization.
This was followed by 1 ns constant-volume equilibration. Finally, the
system was subjected to a 10 ns simulated annealing with a
temperature of up to 373 K at constant pressure, followed by 1000
cycles of minimization. In all these calculations, the heavy atoms of
the protein and the oxygen atoms of crystal-water molecules were
restrained toward the crystal structure with a force constant of 10,000
kcal/mol/A%

The temperature was kept constant at 300 K using Langevin
dynamics, with a collision frequency of 2 ps™'.>* The pressure was
kept constant at 1 atm using Berendsen’s weak-coupling isotropic
algorithm with a relaxation time of 1 ps.”’” Long-range electrostatics
were handled by particle-mesh Ewald summation®® with a fourth-
order B spline interpolation and a tolerance of 10~°. The cutoff radius
for Lennard-Jones interactions was set to 8 A. All bonds involving

hydrogen atoms were constrained to their equilibrium values usin;

the SHAKE algorithm (except in the constant-volume simulations),”

allowing for a time step of 2 fs during the simulations. The final
structure was used for QM/MM calculations.

In addition, we set up eight MD simulations of the protein in
different protonation states of homocitrate, His-180, and the FeFe
cluster. In these, no restraints toward the crystal structure were used
in the final steps. For the metal sites, we used restraint for all metal—
ligand bonds with the average distance in the two subunits of the
crystal structure as the target (but for the FeFe cluster, distances from
the QM/MM calculations with the various protonation states were
used) and a force constant of 50 kcal/mol/A% This ensures that the
metal sites are kept intact, with a structure close to the crystal
structure, but it also allows for some dynamics and avoids problems
with water molecules that are often encountered with a bonded
potential.34 The Fe, S, and carbide ions of the FeFe and P-clusters
were restrained to the crystal structure with a force constant of 1000
kcal/mol/A%

The same simulations were performed as for the equilibration of
the crystal structure (but with a force constant of 1000 kcal/mol/A?),
except for the final two steps, which were replaced by a 1 ns
equilibration, and a 100 ns production simulation in which no
restraints were applied (except for the Fe, S and carbide ions). 1000
snapshots were collected during the production simulation.

QM/MM Calculations. QM/MM calculations were performed
with the ComQum software.*”*! In this approach, the protein and
solvent were split into three subsystems: system 1 (the QM region)
was relaxed by the QM methods. System 2 contained all residues or
water molecules with any atom within 6 A of any atom in system 1. It
was optionally relaxed by a MM minimization in each cycle of the
QM/MM optimization, using updated charges for the QM system.
System 3 contained the remaining part of the protein and the solvent,
and it was kept fixed at the original coordinates (equilibrated crystal
structure to reduce the risk that different calculations end up at
different local minima).

In the QM calculations, system 1 was represented by a wave
function, whereas all the other atoms were represented by an array of
partial point charges, one for each atom, taken from the MM setup.
Thereby, the polarization of the QM system by the surroundings is
included in a self-consistent manner (electrostatic embedding). When
there is a bond between systems 1 and 2 (a junction), the hydrogen
link-atom approach was employed: the QM system was capped with
hydrogen atoms (hydrogen link atoms, HL), the positions of which
are linearly related to the corres]ponding carbon atoms (carbon link
atoms, CL) in the full system.*"** All atoms were included in the
point-charge model, except the CL atoms.™*

The total QM/MM energy in ComQum was calculated as*0*!

HL CL HL
Eqm/mm = Equisptenzs + EMM123,q1:0 - EMMl,qlzo (2)

where Eg;,‘u +ptch23 1S the QM energy of the QM system truncated by
HL atoms and embedded in the set of point charges modeling systems
2 and 3 (but excluding the self-energy of the point charges). Eﬁll\-’ll,qsﬂ
is the MM energy of the QM system, still truncated by HL atoms but
without any electrostatic interactions. Finally, E‘%/UZMFU is the

classical energy of all atoms with CL atoms and with the charges of
the QM region set to zero (to avoid double-counting of the
electrostatic interactions). Thus, ComQum employs a subtractive
scheme with electrostatic embedding and van der Waals link-atom
corrections.” No cutoff is used for any of the interactions in the three
energy terms in eq 2.

The QM calculations for QM/MM were performed using the
Turbomole software (version 7.7).** We employed four density
functional theory (DFT) methods, TPSSh,* *SCAN,* B3LYP,"~*
and TPSS.*" The former two were selected because they have been
shown to give the best structures for nitrogenase models.”® B3LYP
gave the best results in two recent calibration studies on simple
nitrogenase model systems with one or two Fe ions,”""> whereas
TPSS has been used in most of our previous studies.”**** The

https://doi.org/10.1021/acs.inorgchem.3c02329
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calculations involved either the def2-SV(P)* basis set for all atoms or
the def2-TZVP™ basis set for the FeFe cluster (including the added
proton), homocitrate, Cys-257 and His-423, and the def2-SV(P) basis
set for other groups. To enhance computational efficiency, Coulomb
interactions were expanded in an auxiliary basis set by using the
resolution-of-identity (RI) approximation.”>*® Empirical dispersion
corrections were applied using DFT-D4,%” as implemented in
Turbomole.

Two sizes of the QM system were used. In the minimal model, the
FeFe cluster was represented by FeySoC(homocitrate)(CH,S)-
(methylimidazole) (56 atoms, see Figure la), where the last two
groups model Cys-257 and His-423, taken from the A subunit of the
protein (the two P clusters and the FeFe cluster in subunit D were
modeled by MM in the fully reduced and the Ej resting states). In the
large model, we added all groups that form steric or hydrogen-bond
interactions with the FeFe cluster: Val-57, Lys-83, Gln-176, His-180,
and Phe-362 (side chains), four water molecules, the whole Ser-260
(except the O atom, but including CH;CO— from the previous
residue), as well as the backbone from Pro-33$ to Lys-339, including
the full side chain of the latter residue (187 atoms in total, as shown in
Figure S1). Following experiment data,”® we used the oxidation state-
assignment Fel' Fell and a singlet spin state, S = 0° for the resting E,
state and a doublet state for the E, state.”

Four different protonation states of homocitrate were tested: fully
deprotonated (OH; net charge —4), with one proton either on the
alcohol (1Ha) or on the O2 carboxylate atom (1Hc; both with a —3
net charge), or with protons on both of these groups (2H; net charge
—2). These protonation states are shown in Figure 2. They give net
charges for the large QM region of =5 to —3.

2. 01 Oy O
. .
04 ¢ 0, ¢
N \
_c-c-c-¢-0, /c—c—c—c::—o, ;
O3 /C\ Fe. O3 /C\ e,
o o g o¢ 05
2H 1Ha
2. O1 Oz, 01
o < o ¢
4 4
N . N i
_C-G-C-C-0; C-C-C-C-0;
O3 /C\ “Feg O3 /C\ >Fe
Og" Os N Og" Os -
1Hc OH

Figure 2. Four considered protonation states of homocitrate, 2H,
1Ha, 1Hc, and OH. Atom numbers are also shown. Nonpolar H atoms
are omitted. Charge of homocitrate is —2, —3, =3, and —4,
respectively, in these four protonation states.

The electronic structure in all QM calculations was described using
the BS approach.” Each of the eight Fe ions was modeled in the high-
spin state, and these spins were then coupled antiferromagnetically to
a singlet (E,) or doublet (E,) state. This means that the eight Fe ions
should have either a surplus of a (four Fe ions) or f§ (four Fe ions)
spin. Such a state can be selected in 70 different ways. The various BS
states were obtained either by swapping the coordinates of the Fe
ions®" or with the fragment approach by Szilagyi and Winslow.®> The
various BS states are denoted simply by giving the number of the four
Fe ions with /3 spin (Fe ion numbers are shown in Figure 1a), e.g., BS-
2358, as shown in Figure 3.

Quantum Refinement. In crystallographic refinement, the goal is
to find the model (coordinates, B-factors, and occupancies) that best
explains the observed structure factors. This is done by minimizing
the difference between the experimentally obtained structure factors

Figure 3. Energetically lowest BS state for the resting E, state,
showing the local spin surplus on each Fe ion.

and those calculated from the current model. Due to the limited
resolution obtained in protein crystallography, it is often necessary to
supplement the refinement target function with empirical restraints
that encode chemical knowledge. These restraints are obtained from
either high-resolution crystallography of small molecules or quantum
chemical calculations. In terms of computational chemistry, this is a
MM force field. The refinement target then becomes a pseudoenergy
function of the form

Eor = WaExray + Enmt (3)

where Ey,, is a crystallographic goodness-of-fit criterion (typically a
least-squares or a likelihood function), Eyyy is the empirical restraints,
and w,* is a weight factor determining the relative importance of the
two terms.

This approach works well when restraints of high accuracy are
available, which is the case for amino acid residues and nucleic acids.
However, for cofactors, substrates, inhibitors, and metal sites®* (which
often are found in the most interesting part of the structure), less
experimental information is available and the restraints are therefore
less accurate. One solution to this problem is to use more accurate
QM calculations for a small but interesting part of the structure
(system 1), ie., an approach similar to QM/MM calculations.***!
This leads to a refinement target of the form

Eor = WaExey + Enn = Enovtt + woniEquu (4)

where index 1 indicates calculations only of system 1. This represents
the energy function of the quantum refinement. As crystallographic
force fields are of a statistical nature, whereas the QM calculations are
in energy units, another scaling factor, wqy, needs to be introduced to
put the restraints on a similar level. We recently implemented64 eq 4
in the cctbx®™ layer of the crystallographic refinement software
phenix.refine,” utilizing the free QM software ORCA 5.0.4°7°% to
calculate Eqy;-

In this study, we have used this new version of quantum refinement
to study the protonation state of the homocitrate ligand in the crystal
structure of Fe-nitrogenase (SBOQ).13 Coordinates, occupancies, B-
factors, and structure factors were obtained from this structure. We
used the minimal QM model in Figure la for the QM calculations
with the TPSS-D4/def2-SV(P) method***"*” in the singlet state and
BS state 2358 (obtained with the Flipspin approach in ORCA).
Depending on the protonation state of the homocitrate ligand (see
Figure 2), the net charge of the QM system was either —7 (0H), —6
(1Ha and 1Hc), or =5 (2H). The occupancy of S2B was set to 1.00,
while the oxygen atom replacing S2B in the other conformation was
discarded. GIn-176 was modeled with dual conformations as in the
PDB file. Protonation of system 1 was done with phenix.ready_set.
Restraint files for the nonstandard ligands (homocitrate, the P-cluster,
and the FeFe cluster) were generated using phenix.elbow.®” Three
macrocycles of combined coordinate and standard individual B-factor
refinement in phenix.refine were performed, in which only Cys-257,
His-423, homocitrate, and the FeFe cluster were allowed to move,
after which the real-space Z-scores based on the difference maps
(RSZD), the real-space R factors (RSR), and the real-space
correlation coefficients (RSCCs) for homocitrate were calculated by

https://doi.org/10.1021/acs.inorgchem.3c02329
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Table 1. Relative Energy (AE in kJ/mol), Average (av), and Maximum (max) Metal—Metal and Meta—Ligand Distance
Deviation from the Crystal Structure for the Various BS States of the Resting State”

BS N r’SCAN TPSSh
- AE metal—metal metal—ligand AE metal—metal metal—ligand
av max bond av max bond av max bond av max bond

1238 3 91.9 0.096 0220  FeS—Fe8  0.065 0.202  Fe8—S4B 96.7 0.081 0.177  Fe5—Fe8  0.061 0.131  Fe5—S4B
1248 3 81.1 0.103 0.179  Fel—Fe4  0.067 0.199  Fe8—S4B 84.4 0.102 0250  FeS—Fe8  0.061 0.154  Fe8—S4B
1258 10 19.3 0.059 0.130  Fe6—Fe8  0.061 0.168  Fe8—S4B 204 0.065 0.136  Fe6—Fe8  0.059 0.148  Fe8—S4B
1268 9 49.7 0.104 0.216  Fe5—Fe7  0.065 0.149  Fe8—S1B 50.3 0.109 0.221  FeS—Fe7  0.062 0.142  Fe5—S4B
1278 10 21.5 0.053 0.134  Fe5—Fe8  0.060 0.156  Fe8—S4B 22.7 0.060 0.161 FeS—Fe8  0.057 0.139  Fe8—S4B
1348 3 87.4 0.097 0.206  Fe6—Fe8  0.061 0.176  Fe8—S1B 74.5 0.083 0.237  Fe5—Fe8  0.060 0.153  Fe5—S4B
1358 10 27.9 0.052 0.129  Fe6—Fe8  0.064 0.174  Fe8—S4B 27.0 0.057 0.131  Fe6—Fe8  0.061 0.155  Fe8—S4B
1368 10 26.5 0.057 0.146  Fe6—Fe8  0.064 0.145  Fe8—S1B 26.8 0.064 0.161  Fe5—Fe8  0.062 0.132  Fe8—S4B
1378 2 52.6 0.096 0236 Fe2—Fe4  0.065 0.167  Fe8—S4B 49.2 0.098 0.237  Fe2—Fe4  0.063 0.150  Fe8—S4B
1458 3 43.0 0.110 0222  Fe2—Fe3  0.063 0.179  Fe8—S4B 41.1 0.114 0222 Fe2—Fe3  0.062 0.164  Fe8—S4B
1468 10 234 0.068 0.151 Fe5—Fe8  0.062 0.146  Fe8—S1B 22.8 0.079 0.175  FeS—Fe8  0.060 0.128  Fe8—S4B
1478 10 28.6 0.054 0.138  FeS—Fe8  0.059 0.158  Fe8—S4B 26.6 0.064 0.158  FeS—Fe8  0.057 0.140  Fe8—S4B
1568 6 47.8 0.100 0.244  Fe6—Fe8  0.068 0.165  Fe8—S4B 57.3 0.102 0.241  Fe6—Fe8  0.066 0.148  Fe8—S4B
1578 6 53.9 0.102 0.200 Fe6—Fe8  0.068 0.197  Fe8—S4B 63.8 0.100 0.190  Fe6—Fe8  0.066 0.178  Fe8—S4B
1678 6 58,0 0.097 0235  Fe6—Fe8  0.065 0.173  Fe4—C 66.7 0.098 0.235  Fe6—Fe8  0.062 0.156  Fe4—C

2348 2 594 0.099 0.201 Fe5—Fe8  0.059 0.184  Fe8—S4B 81.9 0.090 0.240  FeS—Fe8  0.056 0.170  Fe8—S4B
2358 7 0.8 0.040 0.119  Fe5—Fe8  0.049 0.169  Fe8—S4B 0.0 0.042 0.122  FeS—Fe8  0.047 0.152  Fe8—S4B
2368 8 29.3 0.072 0.167  Fe5—Fe8  0.062 0.155 Fe8—S1B 28.7 0.074 0.175  FeS—Fe8  0.058 0.137  Fe8—S4B
2378 8 15.6 0.088 0.162  Fe2—Fe3  0.061 0.168  Fe8—S4B 20.8 0.089 0.165 Fe2—Fe3  0.057 0.152  Fe8—S4B
2458 8 25.8 0.070 0.142  Fe2—Fe4  0.063 0.182  Fe8—S4B 232 0.069 0.139  Fe2—Fe4  0.059 0.163  Fe8—S4B
2468 8 33.6 0.070 0.142  Fe6—Fe8  0.062 0.140  Fe8—S1B 32.0 0.070 0.147  Fe7—Fe8  0.058 0.134  Fe8—S4B
2478 7 3.9 0.033 0.088  Fe6—Fe8  0.0S51 0.152  Fe8—S4B 22 0.034 0.101  FeS—Fe8  0.048 0.135  Fe8—S4B
2568 N 55.5 0.099 0.235  Fel—Fe3  0.068 0.158  Fe8—S4B 61.2 0.096 0.211  Fe6—Fe8  0.065 0.144  Fe3—S4A
2578 4 45.0 0.079 0.197  FeS—Fe8  0.058 0.173  Fe8—S4B 37.9 0.081 0.194  Fe5—Fe8  0.056 0.158  Fe8—S4B
2678 N 61.7 0.085 0.248  Fe5—Fe8  0.066 0.172  Fe8—S1B 57.2 0.090 0.248  FeS—Fe8  0.063 0.163  Fe8—S1B
3458 8 289 0.055 0.138  Fe6—Fe8  0.061 0.168  Fe8—S4B 27.8 0.056 0.139  Fe6—Fe8  0.057 0.150  Fe8—S4B
3468 7 0.0 0.042 0.158  Fe6—Fe8  0.049 0.144  Fe8-S1B 2.6 0.042 0.139  Fe6—Fe8  0.045 0.114  Fe8—S4B
3478 8 289 0.062 0.129  Fe6—Fe8  0.0S8 0.151  Fe8—S4B 27.6 0.062 0.133  Fe6—Fe8  0.054 0.135  Fe8—S4B
3568 4 40.6 0.077 0.179  Fe6—Fe8  0.062 0.173  Fe8—S4B 50.5 0.080 0.171  Fe6—Fe8  0.060 0.163  Fe4—S4A
3578 N 57.1 0.099 0.227  Fe7—Fe8  0.071 0.194  Fe8—S4B 63.2 0.100 0.225  Fe7—Fe8  0.067 0.177  Fe8—S4B
3678 N 52.6 0.085 0.220  Fe5—Fe8  0.067 0.160  Fe8—S4B 58.4 0.082 0.237  FeS—Fe8  0.063 0.144  Fe8—S1B
4568 N 62.4 0.103 0259  Fel—Fe3  0.068 0.177  Fe8—S4B 70.5 0.104 0.266  Fel—Fe3  0.064 0.160  Fe8—S4B
4578 N 73.7 0.093 0.218  Fe6—Fe8  0.070 0.192  Fe8—S4B 79.8 0.089 0.225  Fe6—Fe8  0.065 0.173  Fe8—S4B
4678 4 61.6 0.077 0.198  Fe6—Fe8  0.057 0.159  Fe8—S1B 59.5 0.066 0.195  Fe6—Fe8  0.051 0.144  Fe8—S1B
5678 1 121.4 0.097 0215  Fel—Fe2  0.074 0.186  Fe8—S4B  122.6 0.091 0.206  Fel—Fe2  0.072 0.170  Fe8—S4B

“Bond lists the bond that gives the maximum deviation. N is the type of the BS state in Noodleman’s nomenclature.

the use of EDSTATS.”® We tested different values of the w, weight
factor in eq 4 and selected a value for which the structures were
significantly affected by both the crystallographic and QM data, w, =
1.0, cf. Table S9.

B RESULTS AND DISCUSSION

We here present the first QM/MM study of Fe-nitrogenase,
based on the recent crystal structure.'* We determine the most
stable BS states for the resting state and the proper protonation
states for the homocitrate ligand and for the catalytic His-180
residue. In addition, we have studied the protonation of the
one-electron reduced E, state.

BS States of the E, Resting State. We started by
investigating which is the most stable BS state of the FeFe
cluster in the resting E, state. The cluster contains eight Fe
ions, all of which have a high-spin configuration. However, the
spins couple antiferromagnetically to a singlet state.”' Thus,
four of the Fe ions have a surplus of a spin, and the other four
have a surplus of § spin. Four Fe ions can be selected out of

eight in 70 different ways (i>, twice as many as for Mo- and
44l

V-nitrogenase. However, for the resting state, with an equal
number of Fe(II) and Fe(III) ions, there is no distinction
between the @ and f§ electrons, and therefore, only 35 states are
distinct (i.e., state 1234 is equivalent to the $678 state, and so
on; this was confirmed by explicit calculations, cf. Table S10).
In the following, we present the results only for states with a
surplus of # spin on Fe8. The relative energies of all these
states were studied using the minimal $6-atom QM model
(Figure 1a) with two DFT functionals: TPSSh and r*SCAN.
The relative energies are presented in Table 1. It can be seen
that the results with the two functionals are quite consistent,
with mean signed and mean absolute differences (MAD) for
the relative energies of only 2 and 4 kJ/mol. Three states are
lowest in energy and almost degenerate (within 3—4 kJ/mol):
BS-2358, 3468, and 2478 (the numbers denote the Fe ions
with f spin; atom numbering shown in Figure 1a). These
correspond to the three BS7 in the Noodleman nomenclature
for the MoFe cluster,'® with the extra Fe8 ion having a surplus

https://doi.org/10.1021/acs.inorgchem.3c02329
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Figure 4. Relative energies (kJ/mol) of the various protonation states tested for Fe-nitrogenase in the E, state.

of f# spin. As can be seen from the schematic picture in Figure
3, these are the spin configurations that give the largest number
of antiferromagnetically coupled pairs of nearby Fe ions
(always for the Fe2—Fe6, Fe3—Fe7, and Fe4—FeS npairs,
connecting the two Fe,S, subclusters and two of the three pairs
within each subcluster, Fel1—Fe2/3/4 and Fe8—Fe5/6/7). The
fourth-best state is 16—20 kJ/mol less stable than the best
state, BS-2378 with r*SCAN or BS-1258 with TPSSh. The
ordering of the states follows approximately the Noodleman
nomenclature'® with the order BS7 < BS10 ~ BS8 < BS9 ~
BS4 < BS6 &~ BSS < BS3 < BS1, with an ambiguity only for the
BS2 state, which is similar to BS3 for TPSSh but similar to BSS
with *SCAN. This order is rather different from what was
observed for the E, state of Mo-nitrogenase: BS7 < BS6 < BS2
< BS8 < BS4 ~ BS10 < BS9 < BSS < BS3 < BS1.>*

Fe spin populations are shown in Table S10. They are (in
absolute terms) 3.4—3.8 ¢ with TPSSh and 3.3-3.9 ¢ for
r’SCAN, with little variation among the eight Fe ions, besides
that, Fe8 (which has six rather than four ligands) always has
the highest spin population, by 0.2—0.3 e.

The various BS states give slightly different geometries of the
FeFe cluster. Therefore, we can compare which of the BS
states reproduces the crystal structure best in terms of the
short Fe—Fe and Fe—ligand distances. The results in Table 1
show that the three BS7 states also reproduce the structure
best, with mean absolute deviations of 0.03—0.04 and 0.05 A
for the Fe—Fe and Fe—ligand distances.

Based on these findings, we rather arbitrarily decided to
make further studies of the E, state with the BS-2358 state
(BS-235), which has been argued to be the proper BS state for
the E, of Mo-nitrogenase. 7

Protonation State of Homocitrate and His-180. Next,
we studied the protonation of the resting E, state using QM/
MM calculations. This was done with the larger 186-atom QM
region, as shown in Figure S1. We investigated four different
protonation states for HCA (shown in Figure 2) and three
different protonation states for His-180. We also tested to
protonate S2B.

In the crystal structure, all oxygen atoms of homocitrate are
involved in hydrogen bonds with water molecules or with the
surrounding residues. O1 receives hydrogen bonds from the
NZ atom Lys-361 and NE2 of GIn-176 (in both of its

conformations), whereas O2 forms two hydrogen bonds to
water molecules (which form hydrogen bonds to other water
molecules), and it is 2.99—3.17 A from SG of Cys-52. O3
receives a hydrogen bond from the backbone N atom of Lys-
406 and forms hydrogen bonds to two water molecules. O4
forms hydrogen bonds to three water molecules. OS is an Fe
ligand (the Fe—O distance is 2.08 or 2.36 A in the two
subunits) and forms a hydrogen bond to a water molecule,
whereas O6 forms hydrogen bonds to two water molecules.
Finally, the alcohol atom O7 is also a Fe ligand (2.09 or 2.17 A
distance), and it is 2.69—2.70 A from the O1 atom. The NE2
atom of His-180 forms a hydrogen bond with the OE1 atom of
Gln-176 in one of its two conformations (both have
occupancies of 0.5). It is 3.33—3.45 A from S2B which is
also half-occupied and 3.54—3.62 A from the alternative O
atom. The ND1 atom forms a hydrogen bond with a water
molecule, which forms hydrogen bonds to the OG of Ser-176
and the OH of Tyr-262 (which both can be either donors or
acceptors).

In the MD equilibration of the protein for the QM/MM
calculations, the O atom replacing S2B was deleted, together
with the corresponding alternative conformation of Gln-176
and the storage position of S2B. After the equilibration, all
water molecules donate hydrogen bonds to the carboxylate
oxygen atoms of homocitrate (which were modeled unproto-
nated), giving H--O distances of 1.70—1.91 A. The other
hydrogen bonds also fall in the same range, except that
between O1 and HE2 of GIn-175, which is 2.25 A (all in the A
subunit, used for the QM/MM calculations; 1.67—1.97 and
2.41 A; and 2.06 A to Lys in the D subunit). Adding a proton
on the alcoholic O7 has no impact on the surroundings as it
points toward O1 and does not interact with anything else in
the surroundings. Likewise, a proton added to O2 does not
interfere with the two water molecules forming hydrogen
bonds to it. However, protonation of the ND1 of His-180
would require the imidazole group to rotate or a change in the
hydrogen-bond network involving a water molecule, Ser-176
and Tyr-262.

The relative QM/MM energies of the various protonation
states are presented in Figure 4. It can be seen that the two
DFT methods give very similar results with a MAD of only 2
kJ/mol. Of course, energies are comparable only for structures
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Table 2. Relative Energy (AE in kJ/mol), Average (av), and Maximum (max) Metal—Metal and Meta—Ligand Distance
Deviations from the Crystal Structure for the QM/MM Structures of the Various Protonation States of the E, Resting State”

*SCAN TPSSh
AE metal—metal metal—ligand AE metal—metal metal—ligand
av max bond av max bond av max bond av max bond
OH + HID 98.0 0.065 0.2 FeS—Fe8 0.061 0.30 Fe8-01 98.7 0.058 0.20 FeS—Fe8 0.060 0.29 Fe8-01
OH + HIE 0.0 0.062 022 Fe5—Fe8 0.060 0.30 Fe8-01 0.0 0.058 0.19 Fe7—Fe8 0.058 0.29 Fe8-01
OH + HIP 241.6 0.069 0.26 FeS—Fe8 0.059 0.31 Fe8-01 246.6 0.062 022 FeS—Fe8 0.061 0.31 Fe8-01
1Ha + HID 81.7 0.039 0.08 Fe6—Fe8 0.045 0.12 Fe8—S4B 82.8 0.038 0.07 FeS—Fe8 0.048 0.14 Fe8—S4B
1Ha + HIE 0.0 0.040 0.09 Fe6—Fe8 0.045 0.12 Fe8—S4B 0.0 0.039 0.09 Fe6—Fe8 0.047 0.13 Fe8—S4B
1Hc + HID 280.7 0.054 0.18 Fe7—Fe8 0.056 0.23 Fe8-01 284.4 0.050 0.15 Fe7—Fe8 0.056 0.22 Fe8-01
1Hc + HIE 198.8 0.056 0.18 Fe7—Fe8 0.055 0.23 Fe8-01 201.8 0.051 0.15 Fe7—Fe8 0.056 0.22 Fe8—-01
S$2B + HIE 1482 0.068 0.27 FeS—Fe8 0.061 0.32 Fe8-01 150.1 0.064 0.23 FeS—Fe8 0.062 0.32 Fe8-01
1Ha + HIP 0.0 0.044 0.13 Fe6—Fe8 0.046 0.12 Fe8—S4B 0.0 0.043 0.12 Fe6—Fe8 0.048 0.14  Fe8-SIB
1Hc + HIP 187.3 0.061 0.18 Fe7—Fe8 0.056 0.24 Fe8-01 190.0 0.055 0.15 Fe7—Fe8 0.057 0.24 Fe8-01
2H + HID 151.8 0.040 0.12 Fe6—Fe8 0.049 0.18 Fe8-S3B 152.5 0.039 0.123 Fe6—Fe8 0.052 0.15 Fe7—-S3B
2H + HIE 86.1 0.041 0.13 Fe6—Fe8 0.051 0.14 Fe8—-S3B 85.6 0.040 0.14 Fe6—Fe8 0.053 0.15 Fe7—-S3B

“All calculations were performed in the 2358 BS state. Bond shows the bond that gives the maximum deviation.

Table 3. Quality Measures and Fe—O Distances (d in A) for the Four Quantum-Refined Structures with Varying Protonation

States of Homocitrate (cf. Figure 2)“

RSZD RSR RSCC AE,,, (kJ/mol) TAd (A) d(Fe—0) gz d(Fe—0)qu
0s 07 0s 07
2H 11 0.046 0962 35 0.08 222 221 223 228
1Ha 0.5 0.044 0.967 41 0.07 217 220 213 223
1Hc 17 0.050 0955 54 0.08 223 213 222 2.06
0H 2.8 0.055 0.944 38 0.10 222 2.06 2.19 1.99

“The quality measures are the real-space Z-scores based on the difference maps (RSZD), the real-space R factors (RSR), the real-space correlation
coefficients (RSCC) for homocitrate, the strain energy of the QM region (AE,,), and the sum of the difference in the Fe—O bond lengths (ZAd)
to the homocitrate OS5 (carboxylate) and O7 (alcohol) atoms in the quantum-refined structure [d(Fe—0)qg] and in a structure optimized by QM/
MM without any crystallographic information [d(Fe—0)qu]. The best results of each quality measure are marked in bold face.

with the same number of protons. Therefore, the data must be
divided into three groups with one, two, or three protons that
are moved around.

The first group involves only two structures, with no extra
proton on homocitrate (OH) and with the proton on His-180
either on ND1 (called HID) or on NE2 (HIE). It can be seen
that the latter state is most stable, ~99 kJ/mol.

In the second group, involving six structures, an extra proton
is put either on His-180 (called HIP) on S2B or on
homocitrate, on either the O2 carboxylate atom (called
1Hc), or on the O7 alcohol atom (called 1Ha). The results
show that the HIE state is always ~82 kJ/mol more stable than
the HID state. Moreover, protonation of the homocitrate
alcohol atom is 202, 247, and 150 kJ/mol more favorable than
protonating the carboxylate atom, His-180 or S2B. Thus, the
1Ha + HIE structure is by far the most stable structure in this
group.

Finally, we also tested adding a third proton to the
structures, which could either go to His-180 or to homocitrate
(2H), giving four tested structures. The results show that it is
more favorable to protonate His-180 than homocitrate.
Moreover, HIE is still ~67 kJ/mol more stable than HID
and 1Ha is ~190 kJ/mol more stable than 1Hc. Consequently,
the 1Ha + HIP structure is the most stable for this protonation
level.

The relative energies give no indication of which of the three
groups is most favorable, i.e., how many protons the structure
should contain. However, we can again compare the optimized
structures with the crystal structure. This is done in Table 2,

from which it can be seen that the I1Ha + HID and 1Ha + HIE
structures reproduce the crystal structure best, with MADs of
0.04 and 0.05 A for the Fe—Fe and Fe—ligand distances. The
third-best structure is 1Ha + HIP, showing that the structure of
the FeFe cluster is insensitive to the protonation of His-180,
but that homocitrate is most likely singly protonated on the O7
alcohol atom (1Ha).

The Fe—O7 distance is 2.13—2.15 A when it is protonated
in the QM/MM structures (2.32—2.35 A when 02 is also
protonated), but 1.90—1.93 (0H) or 1.98—1.99 A (H1c) when
it is deprotonated. The Fe—OS$ distance is 2.14—2.22 A in the
various structures. As mentioned above, there is a large
variation in the distances in the two subunits of the crystal
structure (2.08—2.36 A), but it is never close to the distance of
the deprotonated alcoholate ligand.

To further strengthen this important conclusion, we also
performed quantum refinement of the E, state of Fe-
nitrogenase with the four protonation states of homocitrate.
The results of these refinements are shown in Table 3. It can
be seen that all three crystallographic quality measures (RSZD,
RSR, and RSCC) for homocitrate are best for the 1Ha
protonation state, in agreement with the QM/MM data. This
is also confirmed by the electron-density difference maps
around the homocitrate ligand for the four quantum
refinements, as shown in Figure S2. The difference in the
Fe—O bond lengths to the two O atoms of homocitrate
between the quantum-refined structure and a structure
optimized without any restraints to the crystal structures
(i.e, 2 QM/MM structure with the MM force field used by

https://doi.org/10.1021/acs.inorgchem.3c02329
Inorg. Chem. 2023, 62, 19433-19445



Inorganic Chemistry

pubs.acs.org/IC

110

100
90
80
70
60
50
4

Relative Energy (kJ/mol)
s

3
2(

s &

1

s

o

=r2SCAN
TPSSh

||‘I.||I|I h | H “ |“ |
G

”I Lutulill ‘I”lll ‘ ‘
w

900 oD 19 40 A A P A AR 1240 A A P A PAR P A P A PADE PA2AD ¥ 10 A A R A PR P A P A DA,
B R N A A A LA S R A AL A

A BRRP A PA BB RS SABADAD
&;\'\'?A?%’ QRSN R AR

Figure 5. Relative energies (kJ/mol) of the various BS states of Fe-nitrogenase in the E, state, protonated on S2B(3), using the minimal QM

region.

150

100

Relative Energy (kJ/mol)

Ca

= r2SCAN
TPSSh

]
Q) O E) AN A1) DO DB GV BV DY &, &, D \id
R

Figure 6. Relative energies (kJ/mol) of the various protonation states of Fe-nitrogenase in the E, state using the large QM region and the BS-2468

state.

Phenix) is also the smallest for the 1Ha protonation state. In
particular, it can be seen that the Fe—O7 distance to the
alcohol atom in the quantum-refined structures is always
longer than the expected bond length if it is deprotonated,
1.99-2.06 A. However, the strain energy (AE,,), ie., the
difference in the QM energy of the QM region between the
quantum-refined structure and the structure optimized without
any crystallographic restraints, is lowest for the 2H protonation
state, but AE,, is comparable only for structures with the same
net charge, i.e., in this case only for 1Ha and 1Hc, for which
1Ha gives the better results. In conclusion, the quantum-
refinement calculations also quite conclusively point out 1Ha
as the protonation state observed in the crystal structure of Fe-
nitrogenase in the E, state.

Finally, we also performed MD simulations of Fe-nitro-
genase with different protonation states of homocitrate and
His-180. The hydrogen-bond pattern in these simulations is
shown in Tables S11—S16. In the preferred protonation state
(1Ha for homocitrate and His-180 protonated on NE2), the
proton on O7 of homocitrate forms an internal hydrogen bond
to O1 (like in the QM/MM and quantum-refined structures).
O1 also receives hydrogen bonds from the HZ atoms Lys-361,
from one of the HE2 atoms of GIn-176 and from water
molecules, with rather large variation between the two subunits
of the protein. O2 forms hydrogen bonds to 2—3 water

19440

molecules. O3 and O4 receive a hydrogen bond from the
backbone N atom of Lys-406 and form hydrogen bonds to 2—
3 water molecules (they show similar patterns and thus rotate
during the MD simulation). OS forms a hydrogen bond to a
water molecule, whereas O6 forms hydrogen bonds to two
water molecules. The HE2 atom of His-180 forms a hydrogen
bond to S2B in most snapshots (~2.4 A average distance). The
ND1 atom forms a hydrogen bond with a water molecule in
54—71 of the snapshots and occasionally with the backbone H
atom of the same residue.

When instead ND1 of His-180 is protonated, the HD1
proton donates hydrogen bonds to either the backbone O
atom or to a water molecule (observed in 46—51 and 30—40%
of the MD snapshots, respectively). The NE2 atom sometimes
receives a hydrogen bond from a water molecule. If both the
NDI1 and NE2 atoms are protonated, the same hydrogen
bonds are observed, but with higher occurrences (72—87 and
34—64%).

If instead, O2 is protonated in homocitrate, the proton
forms occasional hydrogen bonds to a water molecule (23—
35% occurrences). The unprotonated O7 receives hydrogen
bonds from the HZ atoms of Lys-361 and occasionally from
‘water.

The assignment of the 1Ha protonation state for
homocitrate (i.e., singly protonated on the alcohol oxygen)

https:/doi.org/10.1021/acs.inorgchem.3c02329
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Figure 7. Best QM/MM structures of the E, state of Fe-nitrogenase, protonated on (a) S2B(3), (b) S2B(S), (c) Fe2, (d) S3A(S), and (e) C3457,
all optimized with the r’SCAN functional (with the 1Ha state of homocitrate and the HIE state of His-180).

agrees with a previous quantum-refinement study of Mo-
nitrogenase,54 as well as a comparison of the QM/MM and
crystal structures of this enzyme.”* Comparisons of vibrational
and CD spectra, as well as crystallographic structures of model
compounds and the extracted cofactor of Mo- and V-
nitrogenase, have given the same results.”*7

Protonation of the E; State. Once we have settled the

proper protonation states of homocitrate and His-180 and the

BS state for E,, we can turn to the main subject of the present
investigation, viz., the protonation of the E, state.

First, we tested again what BS state is most favorable (with
the extra proton on S2B). The results are shown in Figure 5
and Table S17. For E, the 70 BS states are distinct, with mean
absolute deviations of 16—17 kJ/mol between states for which
the Fe ions with majority a and f spin have been swapped
(e.g, BS-1234 and BS-5678; for E,, the difference was in
general less than 1 kJ/ 'mol). It can be seen that there is a larger

https:/doi.org/10.1021/acs.inorgchem.3c02329
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Inorganic Chemistry

pubs.acs.org/IC

difference between the *SCAN and TPSSh functionals than
that for Ey, with a MAD of 7 kJ/mol (4 kJ/mol for E,). With
?SCAN, seven BS states give energies that are degenerate
within 9 kJ/mol, viz., BS-2467, 2356, 1247, 1246, 2468, 1256,
and 1268 (in this order). They belong to Noodleman’s BS4, S,
8,9, and 10 types but do not include the BS7 states that were
lowest for E, (they are 13—20 kJ/mol less stable than the best
BS-2467 state). With TPSSh, the most stable BS state is 1268
(which is 4 kJ/mol more stable than the 2467 state), and the
same states are among the most stable ones (although the
ordering is different), including also BS-1267 and 3468 (the
latter one of the BS7-type states).

Next, we calculated the relative energies of 50 different
protonation states for the E, state of the FeFe cluster with both
functionals (using BS-2468). This involved protonation of
Cys-257, His-180, homocitrate, the central carbide (with the
proton on the three different faces of the cluster), sulfide ions
(at least two different conformations of each), Fe ions, or
bridging two Fe ions (typically two different conformations).””

The results are collected in Figure 6 and Table S18. With
both functionals, protonation of S2B is most favorable. We
tested two directions of this proton, and it turns out that it is
6—7 kJ/mol more favorable if the proton points toward S3A
(S2B(3)), rather than toward SSA (S2B(S)), cf. Figure 7a,b. In
this conformation, the added proton is rather close to Phe-361
(221 A between the proton and CZ; however, the SB2—CZ
distance has only increased by 0.1 A compared to the other
structures). Besides this, there is some discrepancy between
the two functionals. In general, TPSSh shows a tendency to
favor protonation of the central carbide and disfavor
protonation of one or two Fe ions. Consequently, with
1’SCAN, protonation of Fe2 (Figure 7c) is third best, 22 kJ/
mol less stable than S2B(3), and protonation of Fe6 and Fe4 is
among the nine best structures, whereas these structures rank
S, 11, and 1S with TPSSh. Instead, protonation of S3A(S)
(also a yt, belt sulfide; Figure 7d) or the central hydride on the
Fe3/4/5/7 face (called C3457; Figure 7e) is the third and
fourth best structure, both 33 kJ/mol less stable than S2B(3).
These two structures rank four and seven with *SCAN. Next
come several structures with 43 cubane sulfide ions protonated,
especially S2A and S4A (both in the Fel—4 subcluster). The
best structure with a bridging hydride ion is Fe2/6(S) with
both functionals, 63 or 75 kJ/mol less stable than the best
structure. The least favorable structures have the proton on
His-180, Cys-257, homocitrate, or bridging two Fe ions within
the same subcluster (most structures of the latter type were not
found).

We also repeated the complete BS investigation using the
large 188-atom model for both the S2B(3) and Fe2-protonated
structures and the r?SCAN, TPSSh, B3LYP, and TPSS
functionals. The results are shown in Tables S19—S22. The
MAD in the relative BS energies obtained with the large and
minimal models is 5—7 kJ/mol for the r’SCAN and TPSSh
functionals. With all four functionals, S2B(3) is more stable
than the Fe2 structure by 26, 32, 117, and 14 kJ/mol,
respectively, reflecting that iron-bound hydride ions are
increasingly disfavored as the amount of Hartree—Fock
exchange increases in the hybrid functionals. The most stable
BS state also varies among the four functionals, BS-2467, 1256,
2368, and 3468 for the S2B(3) structure, and BS-2458
(B3LYP) or 2358 (the other functionals) for the structure with
a hydride ion on Fe2. Many of the Fe2 structures reorganized
into other structures during the geometry optimization,

especially with B3LYP. There are many BS states with similar
energies, especially with the pure functionals and the S2B(3)
state (e.g, 9,9, 2, and S states within 10 kJ/mol of the best one
for S2B(3) and 6, 2, 2, and 7 for Fe2 with the four functionals,
respectively).

Finally, we calculated the relative energies of five of the best
protonation states also with the larger def2-TZVP basis set
(full geometry optimizations) and with the surrounding
relaxed, with both the r*SCAN and TPSSh functionals. The
results are collected in Table 4. It can be seen that increasing

Table 4. Relative Energies (kJ/mol) of the Five Structures
in Figure 7 Calculated with Either r’SCAN or TPSSh and
the Larger def2-TZVP Basis Set (TZ) or with the Original
def2-SV(P) Basis Set (SV) and with the Surrounding
Protein and Water Molecules Relaxed (Relax)

DFT protonation BS SV TZ SV-relax
*SCAN S2B(3) 2467 0 0 0
S2B(S) 2467 9 7 20
Fe2 2358 26 26 29
S3A(S) 2467 43 41 54
C3457 2468 61 64 62
TPSSh S2B(3) 1256 0 0 0
S2B(S) 1256 6 -1 12
Fe2 2358 32 30 37
S3A(S) 2468 42 31 46
C3457 1256 35 32 36

the basis set has a minor influence on the relative energies, by
up to 3 kJ/mol for r*SCAN and up to 11 kJ/mol with TPSSh.
However, this leads to slight changes in the ranking of the five
states with TPSSh (S2B(S) is now 1 kJ/mol more stable than
the S3B(3) structure and the Fe2, S3A(S5) and C3457
structures become essentially degenerate). If the surrounding
protein and solvent are allowed to relax, similar restricted
changes in the relative energies are observed (but this time
larger for r*SCAN than for TPSSh, up to 12 and S kJ/mol,
respectively). With both functionals, the S2B(3) state is
stabilized compared to the other states, and with r’'SCAN, also
the Fe2 and C3457 states. However, neither the basis set nor
the relaxation of the surroundings change the conclusion that
protonation of S2B is 26—37 kJ/mol more favorable than a
hydride ion on Fe2.

With Mo-nitrogenase,” protonation of $2B(3) was found to
be most stable, 7 (TPSS) or 35 (B3LYP) kJ/mol more stable
than S2B(S). However, the most stable structure with a
hydride ion was on Fe4, which was 27 or 96 kJ/mol (TPSS and
B3LYP), less stable than that protonated on S2B(3). The Fe2
structure was S1 or 131 kJ/mol less stable than S2B(3).
Moreover, the best BS state for S2B(3) was BS7-346, followed
by the other two BS7 states, 24—33 kJ/mol higher in energy.
Thus, there are significant differences between Fe and Mo-
nitrogenases, especially regarding the preferred BS states.

Bl CONCLUSIONS

In this study, we have set up the first QM/MM calculations of
Fe-nitrogenase. This involves determining the proper proto-
nation states of all residues and MD relaxation of the added
protons and the surrounding water molecules.

Then, we have examined all 70 BS states of the cluster in the
resting E, state, showing that the relative stabilities of the states
are rather similar to those obtained for the FeMo cluster,

https://doi.org/10.1021/acs.inorgchem.3c02329
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although the order of the various BS states has some
conspicuous differences. However, the most stable BS states
are still of Noodleman’s BS7 type, together with a surplus of §
spin on the eighth Fe ion, viz.,, BS-2358, 2478, and 3468, which
are degenerate within 4 kJ/mol. These are the states that give
the largest number of antiferromagnetically coupled close Fe—
Fe pairs (Figure 3), and they also reproduce Fe—Fe and Fe—
ligand distances best compared to the crystal structure. For the
E, state, there is no difference between a and f spins so there
are only 35 distinct BS states.

Next, we investigated the protonation states of homocitrate
and His-180. The relative QM/MM energies show that His-
180 strongly prefers protonation on NE2 rather than on NDI.
Moreover, homocitrate seems to be most stable when it is
singly protonated on the alcohol atom, O7 atom. This finding
is also supported by the quantum refinement of the crystal
structure. In both cases, the preferred protonation states are
the same as those found for Mo-nitrogenase.

Finally, we turned to the E, state. For this state, the 70 BS
states are distinct, and many BS states are close in energy.
There are significant differences in the preferred BS states in
the E, state compared to those observed for Mo-nitrogenase.
We optimized the structures of 50 different protonation states.
The relative energies depend somewhat on what DFT method
is used, but with all four functionals tested, protonation of the
i, belt sulfide ion S2B is more favorable than the formation of
a Fe-bound hydride ion. A hydride bound terminally to Fe2 in
the exo position (trans to the carbide ion) is the best hydride-
bound structure, but it is 14, 26, 32, and 117 kJ/mol less stable
than the structure protonated on S2B with the TPSS, r*SCAN,
TPSSh, and B3LYP functionals, respectively. This does not
change if a larger basis set is used or if the surroundings are
relaxed during the geometry optimization. Thus, our results
indicate that the E, state does not contain any Fe-bound
hydride ion, in agreement with what has been found for Mo-
nitrogenase,zz_2 but contrary to a recent EPR results
suggesting that the E,; state of Fe-nitrogenase involves a
hydride ion.”! However, it should be noted that the
experimental evidence is only indirect: it is observed that the
EPR signal of the E; state at 12 K is partly converted to
another signal if illuminated with 450 nm light, leading to a
~70/30% equilibrium at long times. The conversion has a
kinetic isotope effect of 2.0—2.8. If the temperature is increased
to 145 K, then the structure relaxes back to the original state.
This is interpreted as a conversion between two hydride-bound
states, which the authors suggest to be Fe2/6 and Fe3/7
structures. Clearly, these two structures are high in energy in
our calculations, 63—96 kJ/mol less stable than the S2B(3)
structure. Undoubtedly, more investigations are needed to
settle the nature of the E; state in Fe-nitrogenase.
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