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ABSTRACT

Mechanism of Substrate Reduction by Nitrogenase
by
Nimesh Khadka, Doctor of Philosophy

Utah State University, 2017

Major Professor: Dr. Lance C. Seefeldt
Department: Chemistry and Biochemistry

Nitrogen (N) is a chemical constituent for almost all biological molecules
including proteins, DNA, RNA, lipids and is therefore vital for life. The ultimate source
of nitrogen is the atmospheric dinitrogen (N) but that only becomes bioavailable through
a process of nitrogen fixation, the process that converts N, to ammonia (NH3). The
industrial Haber-Bosch process and biological nitrogen fixation account for the majority
of nitrogen fixed every year. However, due to its high temperature, pressure and fossil
fuel requirements, Haber-Bosch is an expensive process. Every year, approximately 3%
of the global energy demand is used to manufacture ammonia through Haber-Bosch
process. On the other hand, biological systems produce ammonia by reducing dinitrogen
at ambient temperature and pressure using an anaerobic enzyme called nitrogenase.
Research in understanding the mechanism of nitrogenase could eventually allow
researchers to mimic the enzyme and fix nitrogen efficiently at standard temperature and

pressure.



Y,

In this research, nitrogenase of Azotobacter vinelandii was studied to understand
the mechanism of delivery of electrons/protons to the active site and how these
accumulated reducing equivalents are used for substrates reduction. Through a series of
studies, it has been demonstrated that the electrons and protons are added to the active
site in a concerted manner which are then stored as bridging hydrides. The accumulated
hydrides are used in four different mechanisms, namely reductive elimination, hydride
protonolysis, migratory insertion and proton coupled electron transfer, to catalyze the
reduction of varieties of unsaturated molecules. This fundamental understanding of
molecular detail of nitrogenase catalysis could eventually help in development of more

efficient, robust and selective catalysts.

(291 pages)



PUBLIC ABSTRACT

Mechanism of Substrate Reduction by Nitrogenase

Nimesh Khadka

Nitrogen (N) is a vital element of life and the main component of chemical
fertilizer. The industrial Haber-Bosch process fulfills the demands of today’s nitrogen
need and is therefore considered as one of the major scientific breakthroughs of the last
century. However, the Haber-Bosch process operates at very high temperature and
pressure, and requires fossils fuels to drive the reaction, making it an energy expensive
process. The energy demand for this process accounts for almost 3% of the total global
energy consumption. In addition, the rapid population growth, economic development
and depletion of limited non-renewable fossil fuels have already created an energy crisis.
Therefore, along with many other processes, a method for sustainable ammonia
production is a must for the future of humanity. One of the strategies would be to
understand the functioning of nitrogenase, a molecular catalyst of nature that makes
ammonia from atmosphere at optimum temperature and pressure, and mimic it to create a
robust and efficient artificial catalyst. With this inspiration, the present research is
focused in elucidation the fundamental details on working of nitrogenase. A key
chemical state of nitrogenase that allows it to efficiently reduce and make ammonia has
been characterized in this research that would possibly be a cornerstone in our thrust for

the ultimate catalyst. In addition, employing nitrogenase to convert greenhouse gas,



carbon dioxide, into value added product is also revisited in this research.
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CHAPTER 1

INTRODUCTION

Nitrogen Fixation

Nitrogen (N) is one of the fundamental elements of life and ranks behind carbon,
hydrogen, and oxygen in its contribution to the total mass of living organisms. Most of
the nitrogen in a living system is bound up in amino acids and nucleotides while a small
portion is used in the synthesis of small crucial molecules such as adenosine triphosphate
(ATP), dopamine, and others. In addition, nitrogen is also an important element for
industrial products like fertilizers (urea, nitrate, nitrites, etc.), and drugs (morphine,
quinolones etc.).!

Dinitrogen (Ny) is the major constituent (79%) of the earth's atmosphere and
represents the largest global pool of nitrogen. However, only the reduced form of
dinitrogen is bioavailable and usable for various life processes. This is largely a
consequence of the high bond dissociation energy associated with the breaking of the N-
N triple bond of N, (~ 941 kd/mole).? Three different ways are known that converts N, to
NHgs, a process known as nitrogen fixation and requires a significant input of energy.
Approximately 1% of the total fixed nitrogen (3 x 10** gallons / annum) comes from the
lightning strikes in the atmosphere.® An other 49 % of the total fixed nitrogen is produced
through an industrial process known as Haber-Bosh process.* In this process, N is
reacted with H, at very high temperatures (~ 450 °C) and pressures (> 200 atm) in the
presence of an iron catalyst. The extreme energy demand in this process is responsible for

nearly 3% of the total fossil fuel used globally.>® The remaining 50 % of total nitrogen
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fixed each year comes through a biological process occurring in specific type of
microorganisms called diazotrophs.”'® Diazotrophs include certain families of bacteria
and archaea that encode the genes (Nif, Vnf, or Anf) required for the synthesis of an active
but O, sensitive metalloenzyme called nitrogenase that reduces N, to NH3 at ambient
temperature and pressure. In biogeochemical nitrogen (N) cycle, ammonia is the most
reduced form of nitrogen and it enters to the N cycle as a source of electron. Thus, by
catalyzing the most difficult reaction of N cycle, nitrogenase plays a key role in

maintaining the homeostasis in biogeochemical N cycle (Figure 1-1). **

0,
\k » NH,OH———NO,"
‘ Nitrification ‘
Nitrogen .
NH, Fixation 2 NO,
? Denitrification
N,0 «€«—NO <*—NO, =—
NO, -—
Reduced Oxidized

Figure 1-1: Bio-geochemical nitrogen cycle. Green highlight represents nitrogen
fixation by nitrogenase.

Three major classes of nitrogenase have been reported a) Molybdenum-Iron
(MoFe) nitrogenase, b) Vanadium-Iron (VVFe) nitrogenase and c) Iron-Iron (FeFe)
nitrogenase.*? These nitrogenase differ in the identity of the hetero-metal contained in the
metal cluster of their active site. The MoFe nitrogenase is widely distributed, most active

toward N, reduction, and well-studied nitrogenase.'® This dissertation focuses on further



understanding the mechanism of substrate reduction by MoFe nitrogenase isolated from

Azotobacter vinlandii.

Mo-dependent Nitrogenase

Mo-dependent nitrogenase contains two different components, the iron (Fe)
protein (or dinitrogenase reductase) and the molybdenum-iron (MoFe) protein (or
dinitrogenase) (Figure 1-2). Fe protein is the physiological reductant for the MoFe
protein. It delivers the electrons to the active site of MoFe protein where the reduction of
14,15

N2 occurs with following stoichiometry (egn. 1-1).

N, + 8¢ + 16MgATP + 8H" — 2NHj3 + H, + 16MgADP + 16P; (egn. 1-1)
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Figure 1-2: Molybdenum dependent nitrogenase. Shown is the structure of
nitrogenase MoFe protein (blue and green) and Fe protein (light brown). The MoFe
protein is 0P, tetramer and each a B unit has a P cluster [8Fe-7S] in between a and 3
subunits and a FeMo-cofactor [7Fe-9S-1C-Mo-Homocitrate] solely embedded within o
subunit of MoFe protein. The Fe protein is a dimeric protein with one [4Fe-4S] redox
center. Shown on right are the metal clusters and ADP, with Fe in rust, S in yellow, C in
gray, O inred, N in blue, and Mo in magenta. Coordinates from PDB 2AFI.



Iron Protein

The iron (Fe) protein, encoded by the nifH gene, is a homodimer with a molecular
mass of approximately 64 kDa. Each monomer has one nucleotide (MgATP or MgADP)
binding sites. A single [4Fe-4S] cluster is covalently linked with cysteine from each of
the two monomers. Thus, [4Fe-4S] cluster provides a structural support and also plays
redox active role in electron transfer.'® The [4Fe-4S] cluster of nucleotide unbound Fe

protein is known to exist in three redox states at pH=7.0 (egn. 1-2). ***’

[4Fe-4s ]H‘Em ey, [4Fe-4s ]:Em RRlLLAR [ 4Fe-4S ]0 (egn. 1-2)

FeOX FeRed

Binding of MgATP or MgADP to Fe protein lowers the mid-point redox potential (Er, Vs.
NHE) values for [4Fe-4S]*"** redox couple from -300 mV to -430 mV or -420 mV
respectively.’® This shift of approximately -120 mV is achieved by translating the
nucleotide binding energy to the chemical potential through conformational changes in
the Fe protein which is revealed in small angle X-ray scattering (SAXS) and X-ray
crystallography.*®*® Isolation, purification and in-vitro assay are usually performed in the
presence of the non-physiological reductant, dithionite (S,04>), that has E,, of about -
660 mV at neutral pH.2° Hence, under dithionite reduced condition, only [4Fe-4S]****
couple is thermodynamically favorable to achieve and is likely the functioning redox
couple for both in-vitro and in-vivo nitrogenase catalysis.

The electronic properties of [4Fe-4S] cluster of Fe protein is modulated by pH,

conformational change and most influentially by the redox state. The oxidized [4Fe-4S]**
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cluster is diamagnetic in nature and do not show any signal in electron paramagnetic
resonance (EPR) spectroscopy, therefore deemed as EPR silent. [4Fe-4S]" state is
paramagnetic and exhibits mixed spin (S) state with S =%z and S = 3/,. This results in EPR
spectrum in two different g regions. The EPR spectrum at g = 2 region corresponds to S =
Y and is rhombic in line shape with g values of 2.04, 1.94 and 1.84 while at g ~5 the EPR
signal is a broad inflection due to spin state of S = 3/,.2' [4Fe-4S]°state is achieved only
in presence of strong reductant like Eu (11)-DTPA or titanium (Ill) citrate.?? It is
paramagnetic in nature with S = 4 and shows an inflection at g = 16.4 in parallel mode

EPR.
MoFe Protein

The two catalytic halves containing MoFe protein is a a3, heterotetramer (M, ~
240kDa) with the o and B subunits encoded by the nifD and nifK genes, respectively.
Each catalytic half comprises of one o and one B subunit and contains two distinct
metalloclusters: a P-cluster ([8Fe-7S]) and a FeMo-cofactor ([7Fe-9S-Mo-1C-(R)-
homocitrate]; Figure 1-3). P-cluster resides at the interface between the o and 3 subunits
while the FeMo-cofactor is embedded in the peptide matrix of a-subunit.*>?

Structurally, the P-cluster can be considered as two cubic [4Fe-4S] clusters
sharing a common sulfide ligand at one vertex. The thiol functional group (-SH) of
cysteine residues of the o and 3 subunit covalently coordinate with Fe atoms of P cluster

and thus hold the cluster at the interface. The physiological role of the P cluster is to

mediate the electron transfer between [4Fe-4S] cluster of Fe protein to FeMo-cofactor.
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The redox behaviors of the P cluster has been studied using various oxidants. The
dithionite reduced state, also known as resting state P cluster (P"), can be oxidized

sequentially to P**, P** redox couple and irreversibly to P** states (eqn. 1-3).242°

Ey=309mV, o\ Ew=-309mV, . E,=+90mV_

p3t eqn. 1-3

Using mediated redox titration, the En, for PN**and P™/*? redox couple at pH = 7.0 was
estimated  to be -309 mV vs. NHE. The oxidation of P?*to P** occurs at +90 mV but
unlike PV** and P***2 redox couple this process is irreversible.?” % In presence of
dithionite as reductant, P cluster is reduced from P** to P** to PN state. There is no
evidence of reduction of P cluster beyond P even in presence of solvated electrons that
has redox potential < -2.87 V vs. NHE.*>*! This has led researchers to suggest the model,
known as “deficient spending model”, to explain the mechanism of electron transfer from
Fe protein to MoFe protein.®** According to this model, the electron is first transferred
from P cluster to FeMo-cofactor that creates an electronic deficiency at the P cluster
which is then backfilled by the electron transfer from the reduced Fe protein. Like the
dithionite reduced [4Fe-4S] cluster of Fe protein, PN state is also diamagnetic and
therefore EPR silent. P!* state is paramagnetic with the spin of S = % and °/, and shows
EPR spectrum at g = 2.06, 1.95, and 1.82 and g =6.67 and 5.3. P*" state has a non-
Kramer integer spin (S > 3) and therefore observable only in parallel mode EPR at g =
11.8. P** state also exist in two spin state (S = %2 and '/,) and shows an EPR spectrum at g

=10.4, 7.4 and g = 2 respectively.?
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The FeMo-cofactor, also called the M-cluster, is the active site of nitrogenase

where substrate binding and reduction take place. An early X-ray structure revealed
FeMo-cofactor as a hetero-metallocluster [7Fe-9S-Mo-X-(R)-homocitrate] with the
interstitial X atom being unassigned.™® Recently, through a 1.0 A-resolution X-ray
structure, ESEEM spectroscopy, X-ray emission spectroscopy (XES), and biochemical
analysis using *C labelled S-adenosyl methionine (SAM), X atom is conclusively
established as a carbon atom with the oxidation state of -4 (C*’; carbide).*** The FeMo-
cofactor is ligated to the peptide matrix through two covalent linkage between cysteine

(0-275%") and histidine (0-442"") to Fe and Mo atom respectively.'®

N
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Figure 1-3: FeMo-cofactor of nitrogenase. Showing three dimensional orientations of
atoms in FeMo-cofactor with associated a-275%", a-442" and R-homocitrate as ligand.
The resting state of FeMo-cofactor (M"), defined as FeMo-cofactor in dithionite
reduced state, is paramagnetic with S = 3/, spin and shows a rhombic EPR signal at g = 2,
3.64, and 4.32.% The Mossbauer study of the M" suggest that the atoms on the FeMo-
cofactor have an oxidation state of Mo**, 3Fe®*, 4Fe?*, and 95%.*" A reversible one

electron oxidation of M" to the diamagnetic M®* state (S = 0) is achieved by redox
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titrating with oxidants and E,, for the MON

redox couple was previously reported to be
about -40 mV.24%*® Similarly, MM is one electron reduced to an EPR silent (S > 1) M®
state by using either Fe protein as a reductant or through solvated electrons generated at
cryo-temperature when exposed to y-radiation.*®*® During catalytic turnover, FeMo-
cofactor can exist in multiple electronic states depending on the number of

electrons/protons added but the oxidation state of FeMo-cofactor recycles only through

one redox couple.*

Mechanism of electron transfer

ATP bound reduced Fe protein docks on the MoFe protein on the surface just
above the P cluster.™? The binding energy due to the association of Fe protein to the
MoFe protein induces conformation change on the MoFe protein that triggers the electron
transfer. Biophysical studies suggest that a change in surface area of about 800 A occurs
during the primary electron transfer event.** Thus, electron transfer is gated by
conformational change. The opening of the gate allows the intramolecular electron
transfer form P cluster to FeMo-cofactor at the estimated rate of ~160 s™. Only one
electron is transferred from P cluster causing the oxidation of it by one electron. The
deficiency of an electron on P cluster is back filled through the electron transfer from

2 This mechanism of

docked reduced Fe protein at the rate constant of ~1600 s*.2
electron transfer is named as “deficient spending”. The oxidation of Fe protein triggers
the hydrolysis of two bound ATP and releases two molecules of phosphate in a rate (~6 s
1) that controls the overall catalysis.*> Subsequently, Fe protein dissociates from MoFe

protein through a series of conformation changes that involves the rolling of Fe protein



9
over the 2000 A surface area of MoFe protein.*® The dissociated oxidized Fe protein
accepts an electron from the reductant and exchange 2 ADP for 2 ATP. The refurbished
reduced Fe protein with bound 2 ATP is then ready for the second cycle of electron
transfer. Recent findings demonstrate that even though the two Fe protein binding sites
on the MoFe protein are completely occupied, only one of the Fe proteins in catalytically

active to transfer the electron at a given time.*

Mechanism of substrate reduction on FeMo-cofactor

Nitrogenase catalyzes multi electron/proton reduction of various unsaturated
substrates. The first glimpse into the mechanism of substrate reduction was revealed
when the freeze quench argon (Ar) turnover samples trapped an EPR active species (S =
1) during the reduction of proton to H,.* This S = % Ar turnover signal was trapped both
in wild type (WT) and o-70" MoFe protein however the signal intensity was
significantly larger in the latter and hence was used for further analysis (Figure 1-4). *2H
Electron Nuclear Double Resonance (ENDOR) measurement on this trapped intermediate
disclosed two solvent nonexchangeable “H” atoms having a strong hyperfine coupling
Aiso = 23 MHz which strongly suggest they are bound to the FeMo-cofactor. Analysis of
the two dimension field-frequency *H ENDOR plots for both H gave a similar principal
value indicating that both H have identical chemical environment. Based on these
evidences, the two H were assigned as two bridging hydrides bound to the FeMo-
cofactor. Also for charge balance, the two solvent exchangeable protons were assumed to
protonate two sulfurs of the FeMo-cofactor.* Each hydride is formed by accumulation of

2 electrons and protons; therefore, the trapped state with two bridging hydrides must have



10
accumulated 4 electrons and protons and hence designated as E4(4H) state in Lowe-

Thorneley kinetic scheme for nitrogenase catalysis (Figure 1-5).

g=432
g=364
1
r W——g=200
2
g= .50/g=4 31
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Figure 1-4: EPR spectra of wild-type (WT) and 0-70"® MoFe proteins in the resting
and turnover states. Resting state EPR spectra are shown for the wild-type (trace 1) and
a-70"® (trace 3) MoFe proteins. Both have FeMo-co at S = 3, spin in the resting state but
an inflection at g = 4.3 is observed in a-70" variant. Turnover trapped states during H,
evolution for the wild-type (trace 2) and a-70" (trace 4) MoFe proteins are also shown. A
strong signal at g =2 (S =% ) is trapped in 0-70" MoFe protein.*

**Mo ENDOR on the trapped E4(4H) in ®“Mo enriched a-70"® MoFe protein
demonstrate that the two bridging hydride are associated not with molybdenum atom but
only with four Fe atoms.*® °’Fe ENDOR obtained on E4(4H) state showed that the redox

states of FeMo-cofactor at E4(4H) and E, are identical; which means that the electron
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density is concentrated in iron hydride (Fe-H) bond rather than on metal center.”> The
further evidence of dihydride intermediate in E4(4H) came through EPR/cryoannealing
experiment in the frozen state at -20 °C which prevents further delivery of electrons from
Fe protein but allows the relaxation of reactive intermediates by forming stable products.
In the cryoannealing experiment, E4(4H) relaxed to Eqwith the release of two successive
dihydrogen molecules (H2) and both steps showed a strong kinetic isotope effect (KIE,

ku/ko) of 3-4.*" Formation of two molecules of dihydrogen is consistent with E4(4H)

Hy «—— Hy«——

"Janus"

2

Eg(NHg) & E7(NH2)2/7H Es(2N4H) E/H E(2N3H) <) E4(2N2H
NH,

Figure 1-5: Simplified Lowe-Thorneley (LT) kinetic scheme for nitrogen fixation. In
the E, notation, n = number of [e/H'] added to FeMo-co; parenthesis denotes the
stoichiometry of H/N bound to FeMo-cofactor. Also, shown is the relaxation of E4(4H) to
E2(2H) and E»(2H) to E, through the release of H, by hydride protonation mechanism.

being 4 electrons and protons accumulated state while a strong KIE on both steps
confirms 4 electrons and protons on E4(4H) are stored as iron hydride bond. Although a
significant amount of information is reported on E4(4H) but no information on how

electrons and protons are delivered to FeMo-cofactor has been reported in the literature.

In chapter 2 of this dissertation, the fundamental understanding of the delivery of
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electrons and protons to FeMo-cofactor is presented. Theoretically, the electron-proton
transfer can occur by three different mechanisms (i) electron transfer followed by proton
transfer, (ii) proton transfer followed by electron transfer, and (iii) concerted proton
coupled electron transfer (Figure 1-6).

As detailed in chapter 2, we demonstrate that the transfer of each electron to

FeMo-cofactor is associated with concerted proton transfer. As a consequence, addition

Figure 1-6: Schematic representation of proton coupled electron transfer
(PCET). Shown are the three possible pathways for the transfer of electron/proton

from A (donor) to B (acceptor).

of an electron to the resting state of FeMo-cofactor (Eo) is accompanied by a rapid
concerted proton transfer to form 1 electron reduced E;(1H) state. A previous study using
cryoannealing protocol has established that there is no hydride in E;(1H) state and
therefore the electron must be stored as reduced metal.*

As demonstrated in chapter 2, the addition of second electron to E1(1H) promptly

protonates the Fe center of the FeMo-cofactor to make iron hydride (Fe-H) even at 77 K.



13
Hence, at E;(1H) state reduced Fe atom of FeMo-cofactor can act as nucleophile to
catalyze the reduction chemistry through proton coupled electron transfer (PCET)
mechanism while at E»(2H) state hydride act as nucleophile and catalyze the reduction
through hydride transfer (HT) mechanism. This unique ability of nitrogenase to catalyze
either PCET or HT allows it to overcome the kinetic and thermodynamic barrier
associated with multi electron and proton reduction of various unsaturated molecules.
One of such alternative substrates is carbon dioxide (CO,).*® CO; is a greenhouse gas and
there is a considerable interest in understanding the fundamental mechanism of
transforming CO, to value added products.*® Early studies have established that WT
MoFe reduces CO, to CO and a-70"%/0-195°" MoFe protein further reduce CO, by 6
more electrons and protons to yield CH, as final product.*®**® The molecular details on
activation of CO,, which usually involves a huge kinetic and thermodynamic barrier,
have not been explored for nitrogenase. In chapter 3, experimental evidences coupled
with quantum mechanical calculation are presented to elucidate the molecular mechanism
of CO, reduction by nitrogenase. We demonstrate that formate (HCOOQO") is the major
product of CO; reduction by nitrogenase and the quantum mechanical calculations
suggest that a direct hydride transfer from Fe-H bond to C atom of CO, is the most
favorable pathway for the formation of formate. In addition, an unfavorable associative
pathway where CO, binds to FeMo-cofactor through C atom followed by the
deprotonation of metal hydride is proposed as the possible pathway for CO/CH,
formation. Finally, the alteration of product profile (HCOO- vs. CO/CHy,) is shown to be

the function of substitution of amino acids around the FeMo-cofactor. Further evidences
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to support the proposed mechanism for CO, reduction to CH, and the C-C bond
formation are presented in chapter 4. In this study, we show that CO, reduction follows
CO pathway and the thermodynamic barrier associated with the reversibility of CO and
formyl (-CHO) likely governs the feasibility of CO, reduction to CH,4 by various MoFe
proteins. Similarly, as observed for “N” containing substrates, a convergence of different

reduction pathways for C substrate is also demonstrated.

Figure 1-7: Showing the two fates of Janus state. It can relax back to resting state by
releasing two H, or commit for N, reduction.

The trapping and spectroscopic characterization of E4(4H) intermediate was a
fundamental breakthrough in advancing our understanding of nitrogenase catalysis
especially N, reduction to NHs. Early kinetics studies have shown that the binding and
reduction of N, occurs at E4(4H) state. E4(4H) state, therefore, sits in the transition in the
N, reduction pathway that is equally posed either relax back to Ey by releasing two
molecule of H; or binds N, and commits it toward reduction pathway for NH3 formation.
Hence, E4(4H) state is denoted as “Janus”, referring to the Roman God of transition
having two faces, one looking to the past and other looking to the future (Figure 1-7).%*

Several intriguing Kinetic data on N, reduction exists in the literature. First, an

obligatory release of one molecule of H, per molecule of N, reduced is observed.** This
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leads to the stoichiometry for the reduction of N, by nitrogenase as shown in eqn 1-1.
Nitrogenase requires 8 electrons and protons rather than 6 electrons and protons needed
for chemical reduction of N, to NH3;. The stoichiometry holds true even when the
turnover is carried under 50 atmospheric pressure of N,.>? Second, H, inhibits N,
reduction in a competitive fashion.>® Third, substituting H, by D, furnished HD as
product with the stoichiometry of 1 electron used per HD formed.>* Fourth, when T is
used as inhibitor for N, reduction, HT is formed in the gas phase. However, no T was
observed in H,0 solvent phase.> Fifth, H,, D, or T, only reacts with the diazene level
reduced intermediate.®® All these observation allowed researchers to formulate
mechanistic constrain for nitrogenase catalysis as represented below:
Key Constraints on Nitrogenase Mechanism
(i) State when N is Reduced:
N is reduced at the E4(4H) state
(ii) D2 or T, only react during N, Turnover, during which:
(a) 2HD form stoichiometrically:
M-N, + D, + 2H" = 2HD + M + N,
(b) Reduction Level of this reaction:
D,/T, reacts at E4(2N2H) level
(c) No Scrambling with solvent:
“‘No’ T released to solvent under T,
Recently, reductive elimination/oxidative addition (re/oa) mechanism is proposed

for N, reduction that satisfies all the mechanistic constrains.>**” The fundamental basis of
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re/oa lies on the fact that the reducing equivalent in E4(4H) state are stored as two
bridging hydrides. According to re/oa mechanism, the binding of N, to E4(4H) triggers
the release of two dihydride as H, causing reduction of FeMo-cofactor by 2 electrons and
hence the process being designated as re. The 2 electrons reduced FeMo-cofactor
promptly transfer 2 electrons back to n* orbital of N,. Accumulation of electron density
on n* orbital of N; allows the transfer of proton from the adjacent protonated sulfide (-
SH") of FeMo-cofactor that ultimately hydrogenate N, to diazene level intermediate,
E4(2N2H) (Figure 1-8). In the latter process, FeMo-cofactor is oxidized and hence the
process called oa. re/oa mechanism thus accounts for the obligatory release of one
molecule of dihydrogen per molecule of dinitrogen reduced and explains the need of 8

rather than 6 electrons and protons for reduction of No.

e\S/Fe N, H, Fe\ __Fe
H* H*
E,(4H) E,(2N2H)

Figure 1-8: Schematic of re/oa equilibrium. The cartoon represents the Fe 2,3,6,7 face
of FeMo-co, and the ‘2N2H’ implies a species at the diazene reduction level of unknown
structure and coordination geometry. In the indicated equilibrium the binding and
activation of N, is mechanistically coupled to the re of H,, as described in the text.

The re/oa model also predicts that the reaction is reversible which means under

the sufficient concentration of H,, E4(2N2H) state should reverse to E4(4H) through an oa

of H,. The first experimental evidence on E4(2N2H) = E4(4H) reversibility was recently
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established through temperature dependent EPR/cryoannealing experiment. WT MoFe
protein was previously known to trap N, intermediates (E4(2N2H)) (Figure 1-9)* and
further analysis with *°N and *H ENDOR on the trapped state revealed that NN bond is
still intact and therefore it represents the early state intermediate of the reduction

pathway.*®
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Figure 1-9: X-Band EPR spectra of wild type (WT) nitrogenase. (A) X-Band EPR
spectrum for the resting state of the WT MoFe protein (Resting) and of the WT MoFe
protein trapped by being frozen to 77 K during turnover under 1 atm of N, (N turnover).
(B) Expansion of g ~ 2 region of the N turnover-trapped state, E4(2N2H), showing the
rhombic signal with S = % spin and the respective g values of 2.08, 1.99, and 1.97.>®

The trapped E4(2N2H) state undergoes thermal decay to E4(4H) state at
temperature above -50 °C and this decay kinetics was found to be directly proportional to
the concentration of H, and inversely proportional to the concentration of N, in the
solution. Also, the rate of decay of E4(2N2H) is identical to the rate of formation of

E4(4H) indication no kinetic barrier during this transition. Hence, this confirmed that

E4(2N2H) = E4(4H) process as kinetically and thermodynamically reversible.®® Thus
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re/oa mechanism gives a mechanistic explanation for why H; is a competitive inhibitor of
N reduction.

The re/oa mechanism also delineates the process of formation of HD during D,
inhibition of N, reduction in H,O buffer as shown below (Figure 1-10).>* The oa of D, to
E4(2N2H) intermediate breaks D-D bond and incorporates two D’s on FeMo-cofactor as
two iron deuteride (Fe-D) with a concerted release of one molecule of N,. The
protonolysis of these two deuteride, through a mechanism termed as hydride protonation,
forms two molecule of HD. In this process, the two electrons stored in E4(2N2H) state are
diverted toward formation of two molecules of HD. Thus, re/oa mechanism provides a
mechanistic explanation of why D, (H, or T,) reacts only at diazene level intermediate
and why 1 electron is consumed per HD formation. The oa of D, to E4(2N2H)
intermediate is verified in an elegant N./D,/C,H, mixture experiment.®® During
nitrogenase turnover, D, hydrogenate C,H, only in presence of N, yielding both mono-

deuterated and di-deuterated ethylene as predicted by re/oa mechanism.

/Fe/S\Fe\ /Fe S> Fo O™~ —S~r.
LN /S‘%AT‘\ /S AL o
Fe \Fe N, F \/ \/ \ /
\ﬁ+/ \a+/ S/ Fe\S/Fe
H+
E4(2N2H) E,(2D2H) E,(1D1H)

Figure 1-10: Showing the mechanism of HD formation. Oxidative addition of D, on
FeMo-cofactor is stored as two Fe-D bonds that are protonated by the transfer of solvent
proton (H") to make two molecules of HD.

The re/oa mechanism is also consistent with the final key constrain and

mechanistic test that was revealed by Burgess and co-worker. When nitrogenase is turned
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over under the atmosphere of N, and T, HT is formed but only a negligible tritium (T%)
is released to solvent (~2%). According to re/oa mechanism, the oa of T, to FeMo-
cofactor incorporates two T’s in the form of two bridging triteride (Fe-T). L2ENDOR
measurement on the trapped E4(4H) and E4(4D) intermediate have demonstrated that the
hydrides (Fe-H) or deuterides (Fe-D) are solvent non-exchangeable and therefore the
only possibility to release these hydride or deuteride from FeMo-cofactor is through
hydride protonation or reductive elimination. None of these mechanisms would cause the
release of T* in the solvent.”

The accumulated date on re/oa mechanism provided a broad mechanistic
overview on the activation of N, by nitrogenase. However, the atomic level detail of this
process is still unanswered. In chapter 4, a direct evidence of reductive elimination is
presented along with the identification of key electronic state of FeMo-cofactor that
possibly can bind and activate N,. One of the predictions of re/oa mechanism is the
formation of reduced FeMo-cofactor after the reductive elimination of dihydride. Studies
on mono-nuclear model complexes have shown that cis-dihydride are photolabile and
undergo ligand electronic excitation to release H, through re mechanism.%? A similar
approach is employed in this study to photolyze the dihydride of E4(4H) and create a
new state of FeMo-cofactor represented as S state (E4(2H)*) that is predicted to bind
and activate N, Most interestingly, in this study we show the S state is even in wild type
nitrogenase that undoubtable solidifies the proposed mechanism. Identification of the S
state of FeMo-cofactor has led to better understanding of nitrogenase catalysis as

explained in the chapter.
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Besides  mechanistic  studies, recently  using  either  europium
diethylenetriaminepentaacetic acid (Eu-DTPA) or cobaltocene as electron mediator,
nitrogenase is demonstrated to electrocatalytically reduce proton, acetylene, nitrite, and
azide.®®*®* However, the mechanism of substrate reduction under mediated electro-
catalysis are unknown. As a preliminary study, we show the use of Kinetic isotope effect
to elucidate the mechanism of proton reduction by nitrogenase. Previous studies have
shown that the dissociation of Fe protein from the MoFe protein after transfer of electron
requires the release of phosphate and kinetically this release of phosphate is the rate
limiting step for overall nitrogenase catalysis.* However, under mediated
electrocatalysis a normal kinetic isotope effect for the formation of H; is observed which
strongly supports substrate reduction being the rate limiting step. In addition, proton
inventory for formation of H, demonstrate one proton being involved in the transition
state of the rate limiting step which is consistent with the hydride protonolysis
mechanism suggested by the quantum mechanical study. Finally, we also show that
substitution of amino acids around FeMo-cofactor alters the hydricity of Fe-H formed on
FeMo-cofactor that insights into why certain variants of MoFe protein is capable of
performing certain reduction chemistry and other do not.
In summary, this dissertation focus on how the electrons and protons are
accumulated on FeMo-cofactor and how these accumulated reducing equivalents are used

for substrates reduction especially N, and CO..
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CHAPTER 2
EXPLORING ELECTRON/PROTON TRANSFER AND CONFORMATIONAL
CHANGES IN THE NITROGENASE MOFE PROTEIN AND FEMO-COFACTOR

THROUGH CRYOREDUCTION/EPR MEASUREMENTS

Abstract

We combine cryoreduction/annealing/EPR measurements of nitrogenase MoFe
protein with results of earlier investigations to provide a detailed view of the
electron/proton transfer events and conformational changes that occur during early stages
of [e/H"] accumulation by the MoFe protein. This includes reduction of the non-catalytic
M® state formed by chemical oxidation of the iron-molybdenum cofactor (FeMo-co)
active site to its resting state (M", S = 3/2)) within resting MoFe (Eo), through the states
that have accumulated, n =1, 2, [e/H"], denoted E1(H) (S > 1) and E2(2H) (S = 3/2) in
the Lowe-Thorneley kinetic scheme. FeMo-co does not undergo a major change of
conformation during reduction of M, thus acting merely as a ‘simple’ electron-transfer
cluster. In contrast, FeMo-co undergoes substantial conformational changes during the
reduction of Ey to E;(1H), and of E;(1H) to E»(2H). The experimental results further
suggest that the E1(1H) — E,(2H) step involves coupled delivery of a proton and electron
(PCET) to FeMo-co of E;(H) to generate a non-equilibrium S = % form E,(2H)*. This
subsequently undergoes conformational relaxation and attendant change in FeMo-co spin

state, to generate the equilibrium E,(2H) (S = 3/2) state. Unexpectedly, these experiments

*Coauthored by Roman Davydov, Nimesh Khadka, Zhi-Yong Yang, Andrew J. Fielding, Dmitriy
Lukoyanov, Dennis R. Dean, Lance C. Seefeldt, and Brian M. Hoffman (2016) Israel Journal of Chemistry
56, 841-851]. Copyright © [2016] John Wiley & Sons, Inc. Reprinted with permission.
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also reveal conformational coupling between FeMo-co and P-cluster, and between Fe
protein binding and FeMo-co, which might play a role in gated ET from reduced Fe

protein to FeMo-co.

Introduction

Nitrogenase catalyzes the reduction of dinitrogen (N2) to two ammonia
(NH3) molecules, and is the dominant contributor of fixed nitrogen in the biogeochemical
nitrogen cycle.Y! The reduction of N, by Mo-dependent nitrogenase occurs at the FeMo-
cofactor (7Fe-9S-1Mo-1C-1homocitrate) contained within the nitrogenase MoFe
protein.Z2) Substrate reduction involves the transfer of electrons, one-at-a-time, from the

[4Fe-4S] cluster of the reduced nitrogenase Fe protein (Fe"

) to FeMo-co, each transfer
being associated with the hydrolysis of two ATP.? The catalytic cycle has been
described by the Lowe-Thorneley (LT) kinetic scheme® %! in which each electron-
transfer (ET) step involves the coupled transfer of a proton to FeMo-co from an adjacent

proton-delivery network.

-/H* JH*
Eo —M E,H) M L E,(2H).--»

Figure 2-1: First two steps of the LT MoFe protein cycle showing the accumulation
of electrons/protons as well as the possible loss of H, by relaxation.

The LT catalytic cycle involves multiple steps of electron transfer from Fe"™ to

the MoFe protein, in which the stages are denoted as E,, and posits that the n™ stage
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MoFe protein has accumulated n protons as well as n electrons. Hence the more complete

notation of E,(nH), which is incorporated in a representation of the first two steps, Figure
2-1.

We recently established™ & that nitrogen fixation by nitrogenase is driven by the

obligatory reductive elimination (re) of H; in order to activate FeMo-co for N, binding

and reduction.¥ B This finding implies an optimal (limiting) stoichiometry for nitrogen

fixation by nitrogenase (egn. 2-1),

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

with the accumulation of n equals eight electrons and protons, rather than the six required
for chemical reduction of Na.

Four steps of electron/proton accumulation are required prior to N, reduction,
which begins at E4, and the understanding of these processes is incomplete. We have
shown228! that the Eq—E1(H) reduction through ET from reduced Fe protein (Fe"™) to
MoFe protein involves a ‘deficit-spending’ process in which the first step is the transfer
of an electron from the MoFe protein auxiliary P cluster (8Fe7S) to FeMo-co. This
process is Kinetically gated by a rate-limiting conformational change, likely at the
Fe/MoFe interface that does not involve correlated proton transfer (no KIE), with follow-
up ‘reimbursement’ of the oxidized P cluster through rapid ET from Fe"® 128 The LT
kinetic scheme incorporates the same electron-transfer ‘Fe-protein cycle’ at each step of

electron/proton delivery, and thus would incorporate this process at each stage of the
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catalytic cycle.

Regarding changes at FeMo-co itself, it has been shown that one-electron
oxidized MoFe protein contains a diamagnetic (S = 0) form of FeMo-co, denoted M 1]
and reduction to the resting state, Eq, with its EPR-active (S = 3/2) FeMo-co, denoted
MM involves a form of proton-coupled electron transfer (PCETEL). There is indeed a
thermodynamically coupled uptake of a proton in this reduction, as incorporated in the
LT scheme for steps in the catalytic cycle (e.g., Figure 2-1),2% but early ENDOR
spectroscopic studies long ago showed that this proton must bind at a site remote from
the paramagnetic metal ions of FeMo-co?! Later Mossbauer studies showed that the

equilibrium E1(1H) state generated by electron transfer from Fe"

to the resting state, Eo,
generates an integer-spin reduced FeMo-co (S > 1, denoted M®) without a major change
in spin coupling among the Fe ions.X? FeMo-co of E;(H) appears to accept the electron
at Mo to generate an integer-spin cluster, S > 1.27 FeMo-co of Ez(2H) has spin, S =3/2,14
but nothing is known directly about FeMo-co of E3(3H). In contrast E4(4H), which has an
S = % FeMo-co has been trapped and extensive study by ENDOR spectroscopy has
shown it contains two [Fe-H-Fe] bridging hydrides. Perhaps surprisingly, of the four
steps of electron/proton accumulation in the catalytic cycle prior to N, reduction, E,, n <
4, direct experiment has only verified the delivery of a total of n H* to FeMo-co for n = 2,
which state can decay to Ey in the frozen solution by loss of its two protons/electrons in
the form of Hy, and for n = 4, which state can decay to Eo by loss of two H,.2 %% The

impediment to the study of FeMo-co in electron-accumulation intermediates (as well as

the others) is that reduction of MoFe protein is rate-limited by the off-rate of the oxidized
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Fe protein subsequent to electron delivery.?? As a result solution-kinetic measurements
provide little insight into the nature of the coupling between proton and electron delivery
to the MoFe protein, and of electron/proton delivery to FeMo-co itself, while the
difficulty of trapping intermediates has precluded study of conformational changes that
might be undergone by FeMo-co during electron and/or proton delivery.

It appeared to us that radiolytic cryoreduction/annealing/EPR™Z! studies of
nitrogenase offered a possible means of decoupling and revealing the details of proton
and electron delivery to FeMo-co itself, and of disclosing possible attendant
conformational changes that occur at this multimetallic cluster. Cryoreduction of a metal
center such as FeMo-co in 77 K frozen solution involves the direct injection of a
radiolytically generated mobile electron into the center, and thus decouples electron and
proton transfer. The cryoreduced FeMo-co is trapped in the conformation of its precursor
state, and step-annealing to higher temperature typically allows it to structurally relax,
revealing any conformational changes between FeMo-co in the reduced state, and in the
precursor MoFe protein state; the occurrence of a KIE during relaxation signals that the
rate-limiting step in the process involves a proton transfer.2224 However, in some cases,
when the protein environment is well-poised for proton delivery, such proton transfer is
‘hidden’ during 77 K reduction/annealing, because it can accompany electron injection
even at 77 K or below; in one case it was found that 6 K cryoreduction was coupled to
proton tunneling.”® To explore proton delivery to FeMo-co and conformational
changes at FeMo-co that accompany reduction of the MoFe protein, we begin by

examining cryoreduction/annealing of preparations in which most of the resting-state
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FeMo-co, M" has been chemically oxidized to M, using EPR to monitor the M*>*—M"
cryoreduction/annealing. However, the main focus is the cryoreduction/annealing
conversion of Ej;(H) to E»(2H). We have carried out cryoreduction/annealing/EPR
measurements on MoFe protein containing high populations of E;(H) generated in
multiple ways. In each case the state formed by 77 K cryoreduction of E1(1H) is first
examined by EPR, then cryoannealed at higher temperatures in the frozen state while its
relaxation to the equilibrium E(2H) form is monitored.

By combining the results from the present study with those of an earlier
cryoreduction/Mossbauer investigation:” and studies of ET during turnover,2%2! we
arrive at a provisional view of the electron/proton transfer events and conformational
changes that occur during accumulation of [e/H"] by the MoFe protein, starting from the
non-catalytic M® state and proceeding through the E,(2H) stage of the LT scheme, a
view that likely extends at least through the E4(4H) state. This study further reveals
allosteric coupling between FeMo-co and P-cluster, and between FeMo-co and the
binding of Fe protein, which might well play a role in the gated ET from reduced Fe

protein to FeMo-co.

Materials and Methods

Materials and Protein purification: All reagents were obtained from
SigmaAldrich (St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and were used
without further purification. Argon and dinitrogen gases were purchased from Air
Liquide America Specialty Gases LLC (Plumsteadville, PA) and were passed through an

activated copper catalyst to remove any traces of dioxygen before use. Azotobacter
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vinelandii strain DJ995 (wild-type MoFe protein with a His tag) was grown, and the
corresponding nitrogenase MoFe protein, having a seven-His tag addition near the
carboxyl-terminal end of the a-subunit, was expressed and purified as described.!®!
Protein concentrations were determined by the Biuret assay. The purities of these proteins
were >95% based on SDS/PAGE analysis with Coomassie staining. Handling of proteins
and buffers was done in septum-sealed serum vials under an argon atmosphere or on a

Schlenk vacuum line. All liquid were transferred using gas-tight syringes.

Preparation of cryoreduction samples: M>/P” samples were made using
methylene blue (MB) as oxidant (E, = +11 mV). Wild type MoFe protein was passed
through a column packed with Dowex/G25 resin to remove residual dithionite. The
protein was eluted with 200 mM MOPS pH=7.4 containing 150 mM NaCl and the
concentration was determined using Biuret assay. 800 uM MB (10 mM MB stock made
in 100 mM MOPS pH=7.4) was added to 400 puL of 200 mM MOPS buffer pH=7.4
containing 110 uM MoFe, 150 mM NaCl and 11% glycerol. The mixture was kept at
room temperature for 30 min and 350 pL of samples was transferred to an 18.5 cm long
and 4 mm diameter calibrated quartz EPR tube and rapidly frozen in liquid nitrogen.

The resting state samples, used for Eo[J1E; study, were made at room temperature
in 200 mM MOPS buffer at pH 7.3 with 50 mM dithionite. MoFe protein was at a final
concentration of ~100 uM. About 300 pL of samples (out of a total volume ~400 pL)
was transferred to a calibrated quartz EPR tube and rapidly frozen in liquid nitrogen. All

turnover samples were prepared in a dioxygen free buffer (total volume ~400 pL)
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containing a MgATP regeneration system with final concentrations of 13 mM ATP, 15
mM MgCl,, 20 mM phosphocreatine, 2.0 mg/mL bovine serum albumin, and 0.3 mg/ mL
phosphocreatine kinase in a 200 mM MOPS buffer at pH 7.3 (or pD = 7.3 with a pH
meter reading of 6.9 in D,O buffer’?) with 50 mM dithionite. Glycerol (10% glycerol
(v/v)) was added in the buffer where noted. Low-flux samples were made by adding
MoFe protein at ~100 uM final concentration and initiating the reaction by adding Fe
protein at ~2 UM concentration. The reaction was allowed to run for 10 min at room
temperature at which point ~300 puL of sample was transferred to the EPR tubes and
frozen as described above. High-flux samples were made with ~100 uM MoFe proteins
and ~150 uM Fe protein. After the addition of the Fe protein, the reaction was allowed to
run at room temperature under Ar or N, atmosphere for 20-25 s before freezing the

samples.

Cryoreduction: y-irradiation of the nitrogenase samples at 77 K typically was
performed for ~ six hours (dose rate of 0.5 Mrad/h, total dose 3 Mrad) using a Gamma
cell 220 ®Co source. Annealing at temperatures over the range 77 K-270 K was
performed by placing the EPR samples in the appropriate bath (n-pentane or methanol
cooled with liquid Ny) and then refreezing in liquid nitrogen. As discussed, cryoreduction
of the E; state produces an S = % intermediate that converts to the equilibrium S=3/2 E,
state during cryoannealing. The Kinetic progress curves for these processes are measured
as the amplitudes of these species’ EPR spectra at their maximum g-value: S = 3/2, gmax

= 4.23; S =Y, gmax = 2.23.
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EPR: EPR spectra were recorded on an X-band Bruker ESP 300 spectrometer
equipped with an Oxford Instruments ESR 900 continuous He flow cryostat. 2 K 35 GHz

EPR spectra were measured on an instrument described elsewhere. 282

Results

Cryoreduction/Annealing of M*

To extend the earlier studies of M®, and for comparison with the present results
for cryoreduction/annealing of the Eq and E; stages of the catalytic cycle, we chemically
oxidized resting-state Eo MoFe protein to a state that contains the EPR-silent, singly
oxidized FeMo-co, denoted M®, cryoreduced it, and examined the transformation to E,
(MM). As usual, the Eo MoFe protein shows the S = 3/2 EPR signal, g = [4.35, 3.65, 2.0],
associated with resting-state FeMo-co, M", plus variable small amounts of a conformer(s)
with somewhat higher rhombicity e.g., (g ~ [4.5, 3.5, 2.0]).22 331 The chemical oxidation
converts roughly 90% of M" to M®, as shown by the loss of the S = 3/2 M" signal,
Figure 2-1. Cryoradiolysis at 77 K directly reduces roughly one-half of the M® back to
MN, as seen by the reappearance of the S = 3/2 M EPR signal, Figure 2-1, although
with a somewhat increased population of the more rhombic conformers of M™.

During stepwise annealing of the cryoreduced sample for 2 min at each of several

temperatures up to 260 K, these M™ conformers relax to the majority resting M™ form of
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Figure 2-2: X-band EPR spectra of nitrogenase MoFe protein oxidized to the
(primarily) Mox state with loss of 90% of M" signal (upper) and then cryoreduced
at 77 K and annealed at progressively higher temperatures for 2 minutes each.
Conditions: Microwave power 5 mW, modulation amplitude 10 G, microwave frequency
9.375 GHz, T=10 K.

the cluster by T,, ~ 180 K without loss of net signal; upon further annealing at T > 180 K
the S = 3/2 signal does not change at all, and no new high-spin (Figure 2-2) or low-spin
(not shown) signal appears. These observations imply that the structure of M® (epr-silent)

differs little from that of M (S = 3/2) and that M® undergoes direct 77 K cryoreduction

to the M" resting state of the cofactor.

Generation of high populations of E1(H):

We have employed three procedures to generate high populations of the E;(H)
state for subsequent cryoreduction: turnover under low electron flux (MoFe protein:Fe
protein = 50:1); turnover under high flux (MoFe protein:Fe protein = 1:1.5);
cryoreduction of resting (Ep) state MoFe protein (not undergoing TO), followed by
cryoannealing at 235 K. Figure 2-3 presents the EPR spectra of resting (Eo) state MoFe

protein as well as of samples prepared during TO under Ar with concentrations of Fe
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protein that generate conditions of either low or high electron flux. As reported,”
reduction of MoFe protein during turnover under Ar can convert a high percentage of the
S = 3/2 E, state to the EPR-silent E;(H) state. This is seen in Figure 2-3, where turnover
at low flux causes the intensity of the E, signal to decrease to ~20% of the resting-state
value through conversion to E;, and where turnover at high flux decreases the Eq signal to
less than 10% of resting. The high-flux Ar TO sample in addition shows a weak S = 3/2
signal from FeMo-co with g = [4.23, 3.76, ~2.0], denoted 1b, which overlaps that of E,
and is assigned to Ex(2H).*Y The low-field region of the spectra obtained for samples of
high-flux TO under N, are similar to those from high-flux TO under Ar.

At fields around g ~ 2, Figure 2-3, the spectrum of the low-flux samples exhibits
only a weak signal from the low concentration of reduced Fe protein (g = 1.935 and
1.86) and the g3 ~ 2 feature of the S=3/2 E, signal, whereas high flux samples show well-
resolved features from the high concentrations of reduced Fe protein. In addition, high-
flux Ar TO shows a well-resolved signal at g; = 2.15 from an intermediate that may be
E4(4H), whereas high-flux N, TO shows the signal from the E4(2N2H) intermediate (not
shown). Interference by the strong signals in the g-2 region that appear in high-flux
samples, lead us to focus on low-flux samples.

Neither high nor low-flux TO creates a new signal at fields lower than g, = 4.34
of Ey, fields where non-Kramer’s signals from an integer-spin reduced FeMo-co state are
sometimes seen. This is consistent with the earlier Mdssbauer study, which showed that

the E1(H) state produced by TO contains an EPR-silent (integer-spin; S > 1) reduced form

of FeMo-co that was denoted MR.*"]
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Figure 2-3: X-band EPR spectra of nitrogenase in resting state and freeze-quenched
during TO under low electron flux and high electron flux under Ar (see Materials
and Methods). Instrument conditions: Microwave power 5 mW, modulation amplitude
10 G, microwave frequency, 9.375 GHz, T=10 K.

In addition to making high populations of E;(H) through TO, we have also
reduced resting state MoFe protein (not under turnover with Fe protein) through
radiolytic cryoreduction. Cryoradiolysis of resting-state MoFe protein in 10%
glycerol/buffer at 77 K with a dose of 3 megarad (Mrad) causes ~50% decrease in the
intensity of the S = 3/2 Eo (M") signal without appearance of other high-spin signals or
non-Kramers signals (Figure 2-S1a) in agreement with the previous report.[”] In the
earlier report, Madossbauer spectroscopy showed that cryoreduction produces an
alternative, non-Kramers (integer-spin) form of FeMo-co, which was denoted as M"; we
here also denote the MoFe protein that contains this cluster with the LT notation, as
E, .M

As cryogenic radiolysis of an odd-electron Kramers center such as FeMo-co of
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the Ey resting state can generate an even-electron non-Kramers state not only by
cryoreduction, but less commonly by cryooxidation, we carried out measurements to
confirm we are indeed cryoreducing the M" FeMo-co of E,. These two processes can be
distinguished experimentally: cryoreduction is greatly enhanced, and cryooxidation is
suppressed, in samples containing glycerol, the reverse being true in the absence of
glycerol.®? To determine whether the radiation-induced loss of Eq signal represents
cryoreduction or cryooxidation of FeMo-co, we cryo-irradiated a frozen aqueous buffer
solution of resting-state MoFe protein without added glycerol. We observed no noticeable
decrease in the intensity of the Eo S = 3/2 signal (not shown), confirming that the loss of S
= 3/2 intensity in Figure 2-Sla occurs through one-electron cryoreduction of M" to
M'.[careful examination of the low-field region of the 2 K 35 GHz EPR spectrum of
the cryoreduced enzyme again fails to show a new EPR signal for the irradiated MoFe
protein in glycerol buffer, Figure 2-S1b, as expected from the Mdssbauer study.™”

We have demonstrated™® the E;(H) state of MoFe protein produced during TO
does not relax to the resting state Eq during extended cryoannealing in the frozen state at
temperatures as high as 253 K (Figure 2-Sla) Stepwise annealing of the cryoreduced
resting-state nitrogenase at temperatures up to 235 K (Figure S1a) or higher (not shown)

likewise does not cause recovery of the Eg signal through relaxation of E;' to Eo, as

expected.

Cryoreduction /annealing of E;(H):
The above results show that high populations of the E;(H) state can be generated

in multiple ways: by reduction of Eo during TO with Fe protein in the presence of ATP
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under conditions of low and high electron flux (MoFe/Fe protein 50/1 and 1/1.5
respectively) under either Ar or N, or by cryoreduction/annealing of the E; MoFe
protein. All three types of E;(H), samples were cryoirradiated (3 Mrad) and annealed as a
means of examining electron injection and proton transfer into the E;(H) state. It will
now be shown that the results of cryoreduction/annealing of E1(H) are independent of the

way E;(H) was generated.
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Figure 2-4A: Low-field EPR spectra of nitrogenase freeze-trapped under low-
flux/Ar TO, cryoreduced (3 Mrad) and annealed at indicated temperatures. Upper
two spectra - resting state and low flux/Ar TO before radiolytic cryoreduction; C —
difference spectrum between cryoreduced nitrogenase annealed at 216 K for 47 min (B)
and 205 K for 1 min (A). Instrument conditions as in Figure 2-2.

Cryoreduction/annealing of low-flux TO samples: Figure 2-4A shows the EPR
spectrum of resting-state nitrogenase (Eo) and nitrogenase that had been cryoreduced

subsequent to generation of E;(H) by turnover under low electron flux/Ar conditions with
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glycerol-containing buffer. The intensity of the S = 3/2 Eo EPR signal is decreased five-
fold relative to resting state by TO, and undergoes a small additional decrease in intensity
from the irradiation.®® We had anticipated that irradiation of E(H)-containing samples
would generate the S = 3/2 EPR signal characteristic of the equilibrium two-electron
reduced state E,(2H), denoted 1b, with g = [4.23, 3.76, ~2.0].%%" This expectation was
strengthened by the observation of direct radiolytic conversion of Mox to MN, described
above.

To our surprise this did not occur, Figure 2-4B. Instead, irradiation produces a
new, relatively broad low-spin EPR signal, which overlaps with the signals from
radiolytically generated radicals. The signal resolves better when the radical signal has
partly annealed away at T > 160 K, revealing it can be characterized by, g = [2.21, 2.08,
nd], Figure 2-4B (additional features at g = 1.815 and 1.772 in this figure belong to
cryogenerated P, and are discussed below). The g = 2.21 signal arises from a MoFe
intermediate trapped during 77 K cryoreduction. This g = 2.21 signal is not created when
resting state MoFe protein is cryoreduced by irradiation with a dose of 3 Mrad (Figure 2-
S4, 2-S5), which confirms that it is indeed generated by the cryoreduction of E;(H), not
of Ep, and that the signal arises from a previously unobserved form of E, which we
denote, Ex*. The signal is only visible at temperatures below 30 K (Figure 2-S3), its
shape only varies slightly with temperature (Fig.S3), and the shape does not change
noticeably on annealing at T > 180K or during its decay at 216 K (Fig.3B). The presence
of the radical signals precludes a detailed analysis of this new S = % signal, but these

characteristics indicate that this spectrum represents a single state, while the breadth of
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the features in the spectrum is suggestive of some conformational heterogeneity of the E;
precursor. We also observe the appearance of the E,* signal upon 77 K cryoreduction of

the low-flux turnover sample prepared under latm N, (not shown).
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Figure 2-4B: High field EPR spectra of cryoreduced low flux Ar turnover
nitrogenase annealed at indicated temperatures. E,* signal and g-values, bold; other
g-values for P™ (see text). (The radical signal was cut off for clarity). Instrument
conditions as in Fig 3.

During progressive annealing of the cryoreduced low-flux/Ar sample at 216 K,
the g1 = 2.21 E,* signal decays (Figure 2-4B) with the parallel appearance of the
1b/E2(2H) signal (Figure 2-4A, 2-S6).3* Measurements of the annealing kinetics show
that within the accuracy of measurement (~15%), the two signals evolve with the same
half-time, ~ 4.8 min, Figure 2-5, which suggests that annealing involves direct E;* — E;
relaxation. The same behavior is seen during cryoreduction/annealing of low-flux TO

samples prepared under 1 atm. N, (not shown). In both cases, during subsequent

annealing at temperatures of 260 K and above, E»(2H) then relaxes to Eq through loss of
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H, (Figure 2-S7), as seen previously.®
To test whether the rate-limiting step of the E,;* [J E, relaxation process involves
the transfer of a proton to cryoreduced FeMo-co, we looked for kinetic isotope effects
(KIE) in the annealing process. Annealing would exhibit a KIE if 77 K cryoreduction
decoupled PCET, such that radiolytic electron injection into E;(H) at 77 K forms E,*, and
that Ex* [J E»(2H) relaxation is rate-limited proton transfer. However Figure 2-5 shows
that E>* generated by cryoreduction of samples trapped under low flux/Ar TO relaxes
with the same ‘1/e’ decay time (t = 5 min) in both H,O and D,0 buffer, namely without a
KIE. This establishes that proton transfer is not involved in the rate-limiting Ex* —

E»(2H) step of the relaxation. As discussed below, we suggest that E>* has been formed

from E;(H) by coupled electron injection and proton transfer during cryoreduction at 77

K.
1.09 E.(2H) (g=4.23)
H,0 . ___'_-r——--“"'*
0.8 A
> o
| D0
. Sy :
j 061
- (!, Low-flux Ar/TO + 3Mr
g 04{ Jo T, =216K
| '.'\
0.2 | " 1 —_
’ ~——— E.* (= 2.21)
—
0.0 . . . ; .
0 10 20 30 40 50
t, min

Figure 2-5: Kinetics of formation of E(2H) S = 3/2 1b state in H,O (red) and D,O
(blue) and the decay of S = 1/2 E,* species (g1 = 2.21) (green) during annealing
cryoreduced low-flux/Ar TO nitrogenase at 216 K. (Curves are to guide the eye).

Cryoreduction/annealing of high-flux TO samples: In parallel experiments on
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samples that contain E;(H) generated during high-flux TO under either Ar or N, (Figure
2-S7), irradiation again produced E,* through cryoreduction of E;(H). Overlap of the E>*
signal with other signals in the g ~ 2 region (see Figure 2-3) made it impossible to
accurately measure its changing intensity during cryoannealing, but it was
straightforward to measure the appearance of E;(2H) S = 3/2 formed during E,* —
E2(2H) relaxation. Figure 2-6 shows that in both Ar and N, high-flux TO the E;* —
E2(2H) relaxation during 216 K annealing occurs with the same time constant, namely

without a KIE.

1.0+
E,2H) (g=4.23) 3 .
2 77_;:"4__5—:’——-
,/
(]
H,O/Ar
_E TO: D,O/Ar
= H,O/N,
— D,O/N,
T, =216K
60 80 100 120
t, min

Figure 2-6: Effect of H,O and D,0 on kinetics of S = 3/2 1b state formation during
annealing cryoreduced high flux Ar and N, TO nitrogenase at 216 K. (Solid line, fit
exponential rise with median time-constant, T = 19 min, for the four traces).

Surprisingly, however, comparison of Figures 2-5 and 2-6 shows that the

E2(2H)* — E»(2H) relaxation at 216 K, seen in low-flux/Ar TO samples slows in the
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presence of the high concentration of Fe protein in high-flux TO. The direct comparison
of the formation of the E,(2H) during cryoannealing, Figure 2-7, shows that at 216 K,
the time constant for formation is ~ 20 min in high flux vs from ~ 4.8 min at low flux. In
low-flux TO, the MoFe protein/Fe protein ratio is 50/1, so almost none of the MoFe
protein exhibiting the E,* signal has a bound Fe protein. In high flux, the ratio is 1/1.5.
As there are 2 FeMo-co per MoFe protein, this means that roughly % of the Fe protein
binding sites on MoFe protein are occupied. The effects of electron flux on the relaxation
is thus interpreted to mean that binding Fe protein to MoFe protein allosterically
modulates the rate of E;* — E,(2H) relaxation of FeMo-co.
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Figure 2-7: Kinetics of formation of E;(2H), S = 3/2 (1b) species during annealing
cryoreduced low flux (green) and high flux (red) nitrogenase Ar TO at 216 K. Solid
lines: fit to exponential with time-constant, T =5 min (low flux) and t =20 min (high
flux).

Cryoreduction/annealing of E;(H) state generated by cryoreduction of Eq: For
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completeness, we note that if the E;1(H) state initially produced by 3 Mrad cryoreduction
of Eo is annealed at 235 K, then cryoreduced again with a second 3 Mrad dose, this
likewise generates the E»(2H) state (1b signal) after annealing at T > 216 K (Figure 2-
S8). This result, combined with those presented above, show that the E,(2H) state is the
same, regardless of how it is formed.

Effects of Eq cryoirradiation on P cluster: The g ~ 2 region of the EPR spectrum
of a glycerol-containing E, resting-state sample irradiated at 77 K with a dose of 3 Mrad
shows a new feature at g = [1.814] whose entire spectrum can be seen in full after

annealing up to 235 K, Figure 2-8.
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Figure 2-8: High-field EPR spectra of resting-state nitrogenase after radiolytic
cryoreduction (3 Mrad), and annealed at indicated temperatures; g-values label
features associated with oxidized P-cluster (see text). Instrument conditions as in
Figure 2-2. (The radiolytically generated radical signal was cut off for clarity)

This signal is characterized by g = [2.05, 1.95, 1.814] and arises from P%
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generated by cryooxidation of the P cluster.””) This assignment is confirmed by the
finding that this signal is ~ 2-fold stronger when a sample without added glycerol is
irradiated (Figure 2-S2); the absence of glycerol enhances cryooxidation relative to
cryoreduction,®® Apparently, the all-ferrous state of the P cluster (P") cannot be
radiolytically cryoreduced to a state containing an Fe(l), but can only be radiolytically
cryooxidized, and this even occurs to a degree in samples that contain glycerol. As
discussed below, this observation is supportive of our proposed ‘deficit spending’ model
for ET from reduced Fe protein to MoFe protein.™ During annealing up to 235 K the g3
feature of the P* signal shifts only very slightly, to gs = 1.81 (Figure 2-8).

The properties of the P cluster cryooxidized in the presence of high populations of
FeMo-co in the reduced state(s) differ from those in irradiated resting-state MoFe protein
(Figure 2-4B). Roughly % of the E state of FeMo-co can be converted to E;(H) by either
a high radiation dose (6 Mrad) applied to resting state MoFe or by the standard 3 Mrad
dose applied to a sample freeze-quenched during low-flux TO under Ar (Figure 2-3B, 2-
S9) or high-flux TO (not shown). During annealing of such samples at temperatures
above 160-180 K intensity of g 1.81 feature decreases and a new P®* intermediate with
Omin = 1.772 appears. The latter relaxes to the equilibrium P® gmi, = 1.81 state at higher
temperatures (Figure 2-4B, 2-S9). The observation of the intervening, second P
conformer, which appears only in a sample with a high population of reduced FeMo-co,
suggests an allosteric influence of the redox state of FeMo-co on the relaxation of
cryogenerated P* cluster.

Discussion
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By combining the results from the present study with those of earlier
investigations we arrive at a proposed view of the electron/proton transfer events and
conformational changes that occur during accumulation of [e/H'] by the MoFe protein,
beginning with the M state and going through the E,(2H) stage of the LT scheme,
Figure 2-9. In this figure, equilibrium states of the MoFe protein, and of FeMo-co when
it had been labeled historically, are presented ‘in-line’. The characteristics of the Fe
protein (F) —MoFe protein (MF) electron transfer, including conformational gating and
H" delivery are indicated ‘above-line’. Those processes as experienced by FeMo-co, and
revealed by cryoreduction/annealing studies in the frozen state, are indicated ‘below-
line’.
Considering the ‘above-line’, [e/H'] delivery to MoFe protein, the Eq — E;(1H)

conversion associated with ET from Fe"

to MoFe protein is kinetically gated by a rate-
limiting conformational change that does not involve a coupled proton transfer (no KIE),
and uses a ‘deficit-spending’ process in which the first step is the gated transfer of an
electron from the P cluster to FeMo-co, with follow-up ‘reimbursement’ of the oxidized P
cluster through rapid ET from Fe" 18! The conformational gate during MoFe reduction
by Fe™ is believed to involve motion at the Fe'protein/MoFe-protein interface.'® ATP
hydrolysis then follows ET, rather than preceding it or proceeding synchronously.*? The
LT kinetic scheme incorporates the same ‘Fe-protein cycle’ at each step of electron
delivery,’ 1 and thus each step in Figure 2-9 shows the same ‘above-line’ gated

activation/deficit-spending steps observed for the E; — E;(1H) step.

Considering the ‘below-line’ changes in FeMo-co during [e/H'] delivery to the MoFe
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protein, we begin on the left of Figure 2-9, with the M* (S = 0) state of enzyme-bound
FeMo-co prepared by oxidation of the resting state cofactor, MN. The pH dependence for
the midpoint potential of the reduction of M (S = 0) to MN(S = 3/2) in solution shows

that this process is coupled with the delivery of a proton to MoFe protein.?” However,

MF* MF? MFT
F MF FMF . F.MF . FMF' o
-~ N N ~ H*\\\ N H
M®*(S = 0) Ey/M™(S = 3/2) . EHYMXS 21) E,(ZH)(S =3/2)
- H:rs\ H+\
i e
FeMo-co E,/MYS >1) E,*(S =1/2)

Figure 2-9: Scheme for electron/proton delivery and conformational changes during
early-stage [e-/H+] accumulation by the MoFe protein (MF) through reduction by
the Fe protein (F). Above-line: the ‘Fe-protein cycle’ for ET. The LT kinetic scheme
incorporates the same ‘Fe-protein cycle’ at each step of electron delivery; details of the
Eo — E1(H) conversion process were characterized previously; 2. In-line: states of
MoFe and FeMo-co (see text): solid arrow, " transfer; dashed arrow, proposed H*
transfer; undulating arrow, conformational change. Below-line: Changes in MoFe as
revealed by cryoreduction/annealing, with M®™ — Eq and Ey(H) — E,(2H) characterized
in this study, and with E; — E;(H) inferred through joint consideration of present work
and prior Mossbauer investigation.l*”? TO conversions are in-line or below, with E;(1H)
— E»(2H) determined in this study.

ENDOR spectroscopy long ago showed that there is no bound proton in the vicinity of
the spin-bearing metal ions of MM !} so the proton must be taken up by an amino acid
residue, or possibly by the homocitrate bound to Mo, which has almost no local
contribution from the cluster spin.*® Despite the conversion to a high-spin state upon
reduction of M®, which implies a major change in the spin-coupling scheme, the present

finding that cryoreduction directly converts M to M" at 77K indicates that these two

FeMo-co states exhibit at most minimal structural differences, probably only the
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‘breathing’ caused by changes in metal-metal distances as seen by EXAFS
spectroscopy.¥ Thus, during the M>™ < MM redox process FeMo-co behaves like a
‘simple’ electron-transfer cluster.

The behavior of the cofactor during electron/proton accumulation steps that form
part of the catalytic cycle is quite different. The Mossbauer/cryoreduction studies imply
that FeMo-co itself undergoes a substantial conformational change upon the cofactor M™
— MF reduction. Thus, the Mossbauer study showed that TO generates an equilibrium
E1(H) state that contains an equilibrium form of reduced FeMo-co, MR, (S >0) without
a major change in spin coupling among the Fe ions,*” whereas 77 K cryoreduction
produces an alternative FeMo-co state, M', with a major change in spin coupling. We
conclude that the non-equilibrium M' cofactor exhibits structural differences from MR,
FeMo-co in the E;(H) state, and that cryoannealing E;' would allow it to undergo
conformational relaxation to the equilibrium E*(1H), with an accompanying M' — M~
conformational change, Figure 2-9.

Consider next the E;(1H) — E(2H) step of electron/proton delivery, Figure 1-1.
As there was no direct evidence regarding electron/proton coupling or conformational
rearrangements at FeMo-co itself during this TO process, we here turned to the
cryoreduction/annealing/EPR protocol. The suite of these experiments reported here
imply that 77 K radiolytic reduction of the E1(H) state produces a low-spin (S = %, g =
[2.21, 2.08, nd]), doubly-reduced FeMo-co, denoted E,*, trapped in a non-equilibrium
conformation characteristic of the E;(H) precursor. Ex* relaxes to the equilibrium E»(2H)

conformation (1b, S=3/2 signal) upon annealing at relatively high temperature, T =



o1
210K, Figure 2-4A. This process occurs without a KIE, which establishes that
protonation of the cryoreduced FeMo-co E,* is not the rate-limiting step of the
relaxation. This low-spin (S = %) to high-spin (S = 3/2) process must therefore involve as
its rate-limiting step a conformational relaxation at FeMo-co that leads to a change in the
cluster spin-coupling scheme.

The equilibrium E»(2H) state must have received two protons at or on a residue
adjacent to FeMo-co, given that this state relaxes directly to Eq with loss of H,. Given that
protonation of FeMo-co is not the rate-limiting step in the observed E,*—E»(2H)
relaxation, in principle cryoreduction/annealing of E;(H) could be following one of two
pathways. (i) It might be that cryoradiolysis induces PCET to FeMo-co, with proton
transfer coupled to the radiolytic reduction process at 77 K, in which case, the (S = %)
cofactor of E,* is the product of PCET (and the state thus may be denoted, E,*(2H)) that
is trapped in a conformation appropriate to E;(H). Then, during cryoannealing E>*(2H)
undergoes conformational relaxation to the equilibrium E»(2H) (S = 3/2) state seen when
nitrogenase is freeze-trapped under TO. (ii) Alternatively, cryoreduction/annealing could
decouple electron and proton transfer to FeMo-co, such that the E,* state is produced by
electron injection into FeMo-co without proton delivery (and the MoFe state thus might
be denoted E,*(H)). In this case, the present results would indicate that during 216 K
cryoannealing E>*(H) undergoes rate-limiting conformational relaxation followed by
rapid, non-rate limiting, proton delivery to form the equilibrium E,(2H) state. Possible
structure-modulation of FeMo-co during the catalytic cycle has been considered many

times in the past, one example being as a possible role for the interstitial carbide of
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FeMo-co.[*#2
Analogy to our studies of cryoreduction of oxy-ferroheme complexes®! support
pathway (i): cryoreduction of E;(H) at 77 K generates E;*(2H) through PCET, namely
the delivery of both an electron and proton to FeMo-co. During radiolysis of an oxy-
ferrous hemoprotein'®® at low temperature, the initial (primary) product of electron
injection is the non-protonated ferric-peroxo intermediate. However, when the parent oxy
hemoprotein complex has a proton-delivery network tied to the peroxo ligand through H-
bonding to a water molecule, the peroxo intermediate is promptly protonated upon
cryoreduction at 77 K or below.?! Indeed, with oxy heme oxygenase we saw such PCET
through prompt protonation by proton tunneling at 6 K!™?! Detailed analyses of the MoFe
protein crystal structuret*** in fact have identified three proton-delivery networks tied to
FeMo-co: a water-filled channel running from the protein exterior to the homocitrate
ligand of FeMo-co and two hydrogen-bonded chains to sulfur atoms of FeMo-co.[*3*4
The presence of these networks supports the proposal that E,* is the product of 77 K
PCET to E1(H), but is trapped in a non-equilibrium S = % conformation, E,*(2H), which
relaxes to the equilibrium E2(2H) (S = 3/2) conformer during cyroannealing. This
proposal is even more strongly supported by our cryoannealing studies of E4(4H). These
experiments show that E;(2H) and E4(4H) indeed have their full complement of n protons
‘stored” at FeMo-co, for n = 4, as two bridging hydrides and two protons: these two states
respectively relax to the resting state by the stoichiometric release of ‘protons’ in the
form of one and by two Hy, B!

This proposal implies that the proton delivery network that supplies FeMo-co
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with the proton during PCET must likewise be well-poised for proton delivery in fluid-
solution at ambient temperatures, and can deliver the proton essentially in synchrony with
electron delivery. As is well understood,*®**! this behavior would seem mandatory in
order to minimize the driving force needed to reduce FeMo-co, because it obviates the
energetically costly buildup of charge associated with ET in the absence of proton
transfer. It would also seem mandatory in reducing the driving force needed to reduce Ny:
the electron delivery by the Fe protein in effect would correspond to transfer of the net-
neutral components of an H atom, not electron delivery first, followed by delivery of a
proton. The LT kinetic scheme incorporates the same ‘Fe-protein cycle’, at each of the n
= 1-8 steps of electron/proton delivery, and thus would at least incorporate the same TO
processes described here at each step. The alternative interpretation of our data, that
proton delivery occurs only after a conformation/spin change that occurs after electron
delivery cannot be ruled out, but would seem to carry all the disadvantages implied
directly above.

Summary: Figure 2-9 summarizes our view of the electron/proton transfer events
and conformational changes that occur during accumulation of [e-/H+] by the MoFe
protein, starting with the non-catalytic M* state, through the E,2H) stage of the LT
scheme (Figure 2-1). In keeping with this scheme, the same reduction process is taken to
occur at each stage: the gated/deficit-spending electron delivery shown to occur in E;(1H)
— E,(2H) reduction.[*#¢!

Reduction of the M state of the MoFe protein to Eq was previously shown to

occur through [e-/H+] PCET to MoFe protein,’?? but with the proton delivered to a site
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remote from the paramagnetic metal ions of FeMo-co. The present
cryoreduction/annealing study shows FeMo-co does not undergo a major change of
conformation during this process, thus acting merely as a ‘simple’ electron-transfer
cluster. In contrast, cryoreduction/Mossbauer studies have shown that FeMo-co
undergoes substantial conformational changes during the reduction of Eq to E1(1H), the
first step in catalysis.

Likewise, the present cryoreduction/annealing/EPR studies show that FeMo-co in
the E;(1H) and E,(2H) states of the nitrogenase catalytic cycle exhibit significant
conformational differences. The experimental results further suggest that the E1(1H) —
E2(2H) step involves coupled delivery of a proton and electron (PCET) to FeMo-co of
E1(H) subsequent to the gating step associated with electron delivery from reduced Fe
protein, with the proton-delivery likely involving the proton network(s) seen
crystallographically.’**** This PCET generates a non-equilibrium S = % form E,(2H)*,
which subsequently undergoes conformational relaxation and attendant change in FeMo-
co spin state, to generate the equilibrium E(2H) (S = 3/2) state.

These experiments have additional implications. Turning to the P cluster, we note
the observation that the strongly reducing electrons generated by cryoradiolysis do not
reduce P cluster. Rather, the observed oxidation of the P cluster under these reducing
conditions supports the idea that electron delivery from reduced Fe protein to MoFe
protein cannot occur via the stepwise process that begins with reduction of P cluster by
reduced Fe protein with follow-up reduction of FeMo-co by reduced P cluster. Rather,

this result supports our ‘deficit spending” model for electron delivery, in which the first
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step is reduction of FeMo-co by P cluster, followed by rapid reduction of the resulting

P by reduced Fe protei

n [12:16]

Finally, as remarkable and unexpected findings, the reduction of FeMo-co

allosterically influences the P-cluster conformation, while the binding of Fe protein

allosterically modulates the relaxation of FeMo-co during the E;*—E; relaxation. Such

conformational coupling between FeMo-co and P-cluster, and between Fe protein

binding and FeMo-co, could play a role in the gated ET from reduced Fe protein to

FeMo-co revealed in our earlier work.™6
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APPENDIX

SUPPLEMENTARY INFORMATION

EXPLORING ELECTRON/PROTON TRANSFER AND CONFORMATIONAL

CHANGES IN THE NITROGENASE MOFE PROTEIN AND FEMO-

COFACTOR THROUGH CRYOREDUCTION/EPR MEASUREMENTS
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Figure 2-Sla X-band EPR spectra of resting state nitrogenase before (red) and after
radiolytic cryoreduction (3 Mrad, black) and subsequent it’s annealing at 235K for
1 min (blue dashed). Instrument conditions: microwave power 5 mW, modulation
amplitude of 10G, microwave frequency 9.367 GHz, T =4 K.
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Figure 2-S1b 2 K 35 GHz EPR spectra of resting state nitrogenase before (red) and

after radiolytic cryoreduction (3 Mrad, black). Instrument conditions: modulation
amplitude of 1G, microwave frequency =34.98 GHz, T=2 K.
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Figure 2-S2 X-band EPR spectra of cryogenerated oxidized P cluster in y-irradiated
resting state nitrogenase prepared without and in the presence of 10% glycerol.
Instrument conditions: Microwave power 5mW, modulation amplitude of 5 G,
microwave frequency 9.367 GHz; T=11 K.
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Figure 2-S3 Effect of temperature on EPR spectra of the cryogenerated S = 1/2
intermediate of cryoreduced low-flux Ar turnover nitrogenase. Instrument conditions
as in Figure 2-S2. (Strong radical signal within range 3300 — 3400G was omitted for
clarity)
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Figure 2-S4. High field EPR spectra of cryoreduced nitrogenase in resting state and
prepared at low flux under Ar turnover annealed at 160 K for 1 min. Instrument
conditions as in Figure 2-S2.(The radiolytically generated radical signal was omitted for

clarity)
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Figure 2-S5. 2K 35GHz EPR spectra of cryoreduced resting state and low flux TO
nitrogenase annealed at 160 K for 1 min. Instrument conditions as in Figure 2-Sla.

65



66

Tan=216K

1000 1500 2000
FIELD, G

Figure 2-S6 Time course of growth of S=3/2 1b EPR signal (difference spectrum, see
Figure 2-4A) during annealing cryoreduced low-flux Ar turnover nitrogenase at 216
K. Instrument conditions: Microwave power of 5 mW, modulation amplitude of 5 G;
microwave frequency = 9.375 GHz; T=4 K.
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Figure 2-S7. EPR spectra of the cryoreduced high flux Ar turnover nitrogenase
annealed at indicated temperatures. Instrument conditions as in Figure 2-S6.
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Figure 2-S8. Low field EPR spectra of the cryoreduced E; state (B) that was
generated by cryoreduction of nitrogenase in resting state (A) and followed

subsequent annealing at 235 K (C) EPR spectrum of (B) after annealing at 235 K for
1 min. Instrument conditions as in Figure 2-S6.
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Figure 2-S9. EPR spectra of cryogenerated oxidized P cluster in resting state
nitrogenase exposed to y-irradiation at 77 K with dose 9 Mrad after annealing at

160 -235 K for 1 min. Instrument conditions as in Figure 2-S2.(The strong radiolitically
generated radical signal within the 3100-3300 G range was omitted for clarity)
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CHAPTER 3
CO; REDUCTION CATALYZED BY NITROGENASE: PATHWAYS TO

FORMATE, CARBON MONOXIDE, AND METHANE

Abstract

The reduction of N, to NH3 by Mo-dependent nitrogenase at its active-site metal
cluster FeMo-cofactor utilizes reductive elimination (re) of Fe-bound hydrides with
obligatory loss of H; to activate the enzyme for binding/reduction of N,. Earlier work
showed that wild type nitrogenase and a nitrogenase with amino acid substitutions in the
MoFe protein near FeMo-cofactor can catalytically reduce CO, by 2 or 8
electrons/protons to carbon monoxide (CO) and methane (CH,4) at low rates. Here, it is
demonstrated that nitrogenase preferentially reduces CO, by 2 electrons/protons to
formate (HCOOQ") at rates >10 times higher than rates of CO, reduction to CO and CHa.
Quantum mechanical (QM) calculations on the doubly-reduced FeMo-cofactor with a Fe-
bound hydride and S-bound proton (E»(2H) state) favor a direct reaction of CO, with the
hydride (‘direct hydride transfer’ reaction pathway), with facile hydride transfer to CO3
yielding formate. In contrast, a significant barrier is observed for reaction of Fe-bound
CO; with the hydride (‘associative’ reaction pathway), which leads to CO and CHa.
Remarkably, in the direct hydride transfer pathway, the Fe-H behaves as a hydridic
hydrogen, whereas in the associative pathway it acts as a protic hydrogen. MoFe proteins

with amino acid substitutions near FeMo-cofactor (a-70"*">*"? ¢ -19575>C!") are found to

*Coauthored by Nimesh Khadka, Dennis R. Dean, Dayle Smith, Brian M. Hoffman, Simone Raugei, Lance
C. Seefeldt, (2016) Inorganic Chemistry 55 (17), 8321-8330]. Copyright © [2016] American Chemical
Society. Reprinted with permission.
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significantly alter the distribution of products between formate and CO/CHy,.

Introduction

Nitrogenase catalyzes the reduction of dinitrogen (N,) to two ammonia (NHz3)
molecules,’ the largest contribution of ‘fixed nitrogen’ in the global biogeochemical
nitrogen cycle.? The reduction of N, by Mo-dependent nitrogenase occurs at the FeMo-
cofactor (7Fe-9S-1Mo-1C-1R homocitrate) contained within the nitrogenase MoFe

protein (Figure 3-1a).*

S Fe 2
S\\\\/ —~Z
\S/ s o
Fe/s\Fe
B / /\
S H SH
\ /H\\/
Fe\ /Fe

Figure 3-1: FeMo-co of nitrogenase. (A) Shown is FeMo-co with the a-Cys275 and a-
His442 ligands and R-homocitrate (right). (B) One FeS face of FeMo-co is shown in the
proposed bridging dihydride E, state with two protons associated with sulfides. Not
shown are several possible binding modes for the hydrides.

Early kinetic studies indicated that FeMo-co must accumulate 4 electrons and
protons (the E4(4H) state in the Lowe and Thorneley (LT) kinetic model) before the first
step of N, reduction,* with the electrons delivered one at a time by the nitrogenase Fe
protein,” before N can be reduced, and that N, binding coincides with the evolution of

one equivalent of H,.° Recently, analysis of the reactivity of proteins with amino acid

substitutions, coupled with advanced spectroscopic studies of trapped intermediates
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isotopically labelled at the metal ions and substrates, has identified the intermediates
postulated in this kinetic model.”*® In particular, the reactive E4(4H) state has been
revealed to contain two [Fe-H-Fe] bridging hydrides bound to a particular 4Fe-4S FeMo-
co face (Figure 3-1b).”®™™® For charge balance, the E, state is also assumed to contain
2 bound protons, likely bound to one or more of the sulfides of FeMo-co, hence the
notation, E4(4H).°

These experiments have further established that E4(4H) necessarily undergoes a
loss of H, during N binding/reduction, with the consequence that N, reduction requires
the delivery of a total of eight electrons/protons to the MoFe protein.**!*#3This
kinetically and thermodynamically reversible equilibrium binding of N, to E4(4H) with
H, release has been proposed to involve reductive elimination (re) of the two hydrides
forming H,, with concomitant reduction of N, to a diazenido-level, metal-bound state M-
(2N2H) (Figure 3-2, right side).” Four subsequent electron/proton addition steps
ultimately lead to the formation of two NH3; molecules and return FeMo-co to the resting
(Eo) state.

In addition to reducing N, and protons, nitrogenase can reduce a number of small,
multiply bonded compounds.***> Reduction of acetylene (C,H,) to ethylene (C.H.) is
commonly used as an activity assay.'® We recently showed acetylene reduction involves
migratory insertion (mi) of bound C,H, into a Fe-H bond to form an Fe-alkenyl
intermediate, followed by reductive elimination of ethylene.'” Substitution of one or
more ‘gatekeeper’ amino acids in the protein environment surrounding FeMo-co has been

shown to relax the native enzyme’s size restriction on compounds that can gain access to
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FeMo-co for reduction, and to control the distribution of electrons between competing

M + NHj3

Figure 3-2. Pathways for N, and nitrite reduction. Proposed pathways for H,
evolution (top), N2 reduction (right), and nitrite reduction (left), where M represents
FeMo-co and the E, state is noted. Hydride protonation (hp) is proposed to make H,
reductive elimination (re) for the activation of N, while hydride migratory insertion (mi)
has been proposed in the reduction of nitrite. Oxidative addition (oa) is shown for the
binding of H, concomitant with the release of N, (right).

substrates.®

Most recently, we demonstrated that nitrogenase remodeled in this way can
reduce nitrite (NO,) to NHs5 .° Intermediates along the NO, reaction pathway were
trapped by a freeze-quench method and characterized by Q-band ENDOR/Non-Kramers
ESEEM spectroscopy. A pair of intermediates consistent with M-NH, and M-NH3; (M =
FeMo-co) species were trapped and identified as the same as intermediates trapped

during the reduction of diazene (HN=NH) and hydrazine (H.N-NH,).* From this

observation, and the fact that the two-electron/two-proton trapped state of the FeMo-co
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likely contains a metal-bound hydride and a proton (E>(2H)), we proposed a mechanism
for NO;" reduction that again invokes migratory hydride insertion, with the substrate
fragment of the M-NOOH state inserting into the M-H", with proton addition and loss of
H.,O to yield the M-NHO intermediate (Figure 3-2, left).® Subsequent reduction leads to
the observed M-NH, and M-NHjs intermediates and ultimate release of NHs.

From these findings, it can be seen that hydrides on FeMo-cofactor can undergo at
least two different types of reaction: (i) reductive elimination (re) of H, by the state
containing two hydrides activates FeMo-co for N, binding and reaction; (ii) and
migratory insertion (mi) into the M-H by substrates, such as acetylene and nitrite, and
most likely some of the N,Hy intermediate states of N, reduction.

It has been demonstrated that in a MoFe protein with substituted amino acids near
FeMo-co, carbon dioxide (CO,) can be catalytically reduced by 2 or 8 electrons/protons
to carbon monoxide (CO) or methane (CH.) at low rates.”>?! A better understanding of
the mechanism by which nitrogenase catalyzes CO, reduction would provide insight into
the challenging and environmentally important reduction of CO,. Here, we report that
wild type nitrogenase reduces CO, by two electrons/protons to make formate (HCOQ") at
rates up to 10-times faster than the rates of CO and CH,4 formation reported earlier. To
understand the alternative reaction mechanisms, we have explored possible pathways for
CO; reduction on FeMo-co using density functional theory (DFT) calculations. These
pathways involve reactions of Fe-hydrides and yield energies that are consistent with the
observed product distribution for CO; reduction. In addition, we show that amino acid

substitutions near FeMo-co in the MoFe protein can significantly alter the product
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distribution between formate and CO/CH,.

Materials and Methods

Reagents and protein purification: All reagents were obtained from SigmaAldrich
(St.Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and were used without further
purification. Carbon dioxide (CO,) was purchased from Air Liquide (Walnut Creek, CA)
and methane from Air Gas (Radnor, PA). Azotobacter vinelandii strains DJ995 (wild-
type), DI997 (0-195°"™), DJ1310 (a-70"?), and DI1316 (a-70"%/0-195°"") were grown,
and the corresponding nitrogenase MoFe proteins having a seven-His tag addition near
the carboxyl-terminal end of the a-subunit, were expressed and purified as previously
described.? Protein concentrations were determined by the Biuret assay using bovine
serum albumin as standard. Handling of proteins and buffers was done in septum-sealed
serum vials under an argon atmosphere or on a Schlenk vacuum line. All gases and
liquids were transferred using gas-tight syringes.

Carbon dioxide reduction assay: CO, reduction to CH,4 was carried out at 0.45 atm CO,
in 9.4 mL serum vials containing 2 mL of an assay buffer consisting of 100 mM sodium
dithionite, a MgATP regenerating system (13.4 mM MgCl,, 10 mM ATP, 60 mM
phosphocreatine, 0.6 mg/mL bovine serum albumin, and 0.4 mg/mL creatine
phosphokinase) in 100 mM MOPS buffer at pH 7.2. Addition of CO, was followed by 10
min of incubation at room temperature to allow equilibration. MoFe protein was added
and then the assay vials were ventilated to atmospheric pressure. Reactions were initiated

by the addition of Fe protein and incubated at 30°C for the noted times. To each was
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added 500 puL of 400 mM EDTA at pH 8.0 to quench the reaction. From the gas phase,
300 uL was injected into a gas chromatograph with a flame ionization detector to
quantify CH4. From the same samples, 50 pL of the gas phase was injected into a gas
chromatograph with a thermal conductivity detector to quantify Hs.

CO; reduction to CO was measured using a hemoglobin (0.3 mg/mL) binding
assay as described before.”® The buffer composition was the same as used for CO,
reduction to CH,4 except 0.3 mg/mL hemoglobin was added in the assay buffer. 1.2 mL of
assay buffer was transferred to 9.4 mL serum vial containing 0.45 atm COzand 20 min of
equilibration time was allowed. Then, MoFe protein was added (0.5 mg/mL). One mL of
CO; saturated assay buffer was transferred to a 2.2 mL (I cm path length) quartz cuvette
that had been modified to maintain a defined gas atmosphere. Fe protein was added to
initiate the reaction. The increase in the absorbance at 418 nm corresponding to the
binding of CO to the hemoglobin was monitored using an UV-visible spectrophotometer.

CO; reduction to formate was established using a 300 MHz JOEL NMR
spectrometer. To a 9.4 mL vial was added 0.026 mg of H*3*CO3 under Ar. To this vial
was added 2 mL of anaerobic assay buffer, followed by addition of 1 mg MoFe protein.
The reaction was initiated by addition of 1 mg of Fe protein. The reaction was allowed to
run for 1 h, after which 500 pL of the liquid phase was transferred to a sealed NMR tube.
A D,O containing capillary tube was placed inside of the NMR tube. *C NMR was
carried out to ascertain the formation of formate during the reduction of H*CO3 (Figure
3- S1). The NMR probe temperature was set to 25 °C and the magnetic field was locked

using D,O as solvent. The probe was tuned for both *H and **C nuclei. Single pulse
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decoupled NMR was carried out using the following parameters:- X-offset 90 ppm, X-
sweep 180 ppm, scan 6000, pulse X-angle 30, relaxation delay 3 s, and both NOE and
decoupling on. The *Jc. for formate was also determined using the same parameters
except turning the decoupling parameter off (data not shown). A colorimetric assay was
used to quantify the formation of formate using a protocol previously reported.?* Ina 9.4
mL serum vial, 3.5 mL of 100% acetic anhydride, 50 puL of 30% (w/v) sodium acetate,
and 1 mL isopropanol solution containing 0.5% (w/v) citric acid and 10% (w/v)
acetamide were added. To this assay solution was added 500 pL of sample with 5 hours
of incubation time at room temperature. Using a UV-Visible spectrophotometer, the
absorbance was determined at 514 nm (Figure 3-S2). The formate standard calibration
curve was made as follows: first, the assay buffer with MoFe and Fe protein was left to
turnover for an hour under an Ar atmosphere; then, the appropriate concentration of
formate was added. From this, 500 pL of samples was used for the colorimetric assay.
Calculations: Two models of the FeMo-co and the enzyme environment of increasing
complexity were employed for the DFT calculations. The first model comprises the
FeMo-co ligands a-275, 0-442™ (Azotobacter vinelandii numbering), and R-
homocitrate, which were modeled as methylthiolate, imidazole (or 4-methyl-imidazole),
and dimethyl glycolate, respectively (Figure 3-S3a). The second model adds residues a-
70V?" and 0-96"" located on top the FeMo-co reactive face, which was modeled as tert-
butyl and methylguanidinium, respectively (Figure 3-S3b). The atoms of the protein and
FeMo-co that were truncated were kept frozen to their crystallographic position. In model

2 the steric confinement exerted by the protein matrix on a-70"® and 0-96™"9 during the
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CO; insertion in the direct hydride transfer pathway (see Results) was included, adding
two ethane molecules next to a-70" and a-96™" at the location of the backbone C atoms
of 0-66°Y and -98™". The C atoms of the ethane molecules were kept fixed at their
equilibrium distance. Model 1 was used for all of the reactions considered in the present
work, whereas model 2 was employed only for selected reactions as discussed.

The electronic structure of the FeMo-co was described within the DFT framework
using the gradient-corrected Becke®® exchange and Perdew? correlation functional. The
Ahlrichs VTZ basis set was employed for all Fe atoms,®’ the Los Alamos National
Laboratory basis set LANL2TZ with an effective core potential was employed for the Mo
atom®, and the 6-311++G** basis set was employed for all atoms coordinated to metal
atoms, protic and hydridic hydrogen atoms, and finally the 6-31G* basis® set was
adopted for all of the other atoms. Harmonic vibrational frequencies were calculated at
the optimized geometries using the same level of theory to estimate the zero-point energy
and the thermal contributions (298.1 K and 1 atm) to the gas-phase free energy. The
protein environment around FeMo-co was described with a polarizable continuum with a
dielectric constant ¢ = 4.% Standard state corrections were applied to solvation free
energies. Calculations for the reference state Eq were performed for the observed S = 3/2
spin state. For the E; state, the S = 3/2 spin state was used, while for the E4 state, the S =
1/2 spin state was used, consistent with the spin states observed experimentally.® In
agreement with previous reports,®* we found that the ground state of all the structures
considered are characterized by the highest alternating antiferromagnetic couplings

possible between the Fe centers compatible with the chosen spin multiplicity.
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Different locations of the hydridic and protic hydrogen atoms on the reactive face of the
FeMo-cofactor (identified by the atoms Fe2, Fe3, Fe6, and Fe7) were explored. The two
models of the active site yielded similar reaction thermodynamic (differences within 3
kcal/mol) as detailed in Figure 3-S4. In particular, model 1 and 2 yielded a similar
lowest-free energy E, state, with a “protic” hydrogen located on a sulfur atom and an
“hydridic” hydrogen located on one Fe center or bridging two Fe atoms. In the lowest
free energy structure, the hydridic hydrogen is located between Fe2 and Fe6 and the
protic hydrogen is bound to S2B (Figure 3-S3). In model 1, the hydridic hydrogen is
asymmetrically positioned between the two Fe atoms (Fe2-H and F6-H distances of 1.60
A and 1.75 A), whereas in model 2 the hydridic hydrogen is in a nearly symmetric
location (Fe,-H and Fg-H distances of 1.63 A and 1.68 A). Both models also predict that
the protic hydrogen is preferentially bound to a bridging u-S atom (the S2B atom in the
lowest free energy isomer, Figure 3-S5). These lowest free energy E, isomers were
employed as a starting point for the calculations. All of the calculations were performed

with the NWChem quantum chemistry package.*

Results

CO; reduction to formate: Earlier studies revealed that the wild type MoFe
protein reduces CO, to CO at a very low rate (~0.03 nmol CO/nmol MoFe protein/min at
30°C),? a result repeated here (Table 3-1). In agreement with those earlier results, we
find that under these conditions most of the electron flux through nitrogenase goes to the
reduction of protons to make H,, which occurs with a roughly 3x10°-fold greater rate (83

nmol Hy/nmol MoFe protein/min at 30°C) than CO formation, and we detect no CHa. In a
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subsequent study, it was found that substitution of two amino acids within the MoFe

QVal>Alag 195HISSEIN ragylted in a MoFe

protein located near the active site FeMo-co, a-7
protein that could reduce CO, by 8 e/H" to methane (CHy,) at a rate of ~1 nmol CH4/nmol
MoFe protein/min, with most of the electron flux going to proton reduction (~62 nmol
H,/nmol MoFe protein/min).?* The reduction of CO, to CO and CH, are expected to
follow the same reaction pathway, with CO formed after 2e’/H" reduction and CH, after
addition of a further 6 e/H".

Table 3-1. Product accumulation and electron distribution for wild-type MoFe

protein
Product

H, HCOO CH, CO

nmol/nmo %e nmol/nm % nmol/nm %e nmol/nm %e

Gas

I/min? ol/min e ol/min ol/min
Ar 83+1.55 100 ND® ND ND ND ND ND
CcoO, 70+1.8 85 98+15 12 ND ND 0.03 1

*nmol product/nmol MoFe protein/min. Rates are the average over the 60 min assay at
30°C with 1 mg MoFe protein and 1 mg Fe protein. CO, was at a partial pressure of 0.45
atm.

®ND, not detected.
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An examination of CO, reduction catalyzed by a range of small molecules that
utilize metal hydrides reveals that an alternative product for CO, reduction is formate
(HCO0).**" The pathway to CO and CH, formation is believed to involve the addition
of H to the O atom of CO,, whereas the pathway to HCOO™ formation is believed to
involve the addition of H to the C atom of C0,.** In this context, we tested whether
wild type nitrogenase could reduce CO, to HCOOQ, a reaction that had not been reported
before.

Wild type nitrogenase that was allowed to turn over for 60 min in the presence of
13C0, as substrate catalyzed the formation of formate, as established by **C NMR, which
showed a peak at 171.083 ppm associated with H*CO3™ (Figure 3-S1). Formate was
quantified by a colorimetric assay (Figure 3-S2). As can be seen from the data in Table
3-1, the wild-type MoFe protein reduces CO; to formate at a substantial rate (~10 nmol
HCOO/nmol MoFe protein/min at 30°C). Under these conditions, ~12% of the electron
flux through nitrogenase goes to produce formate, whereas about 1% goes to form CO.
The remaining electron flux (77%) makes H,. Thus, the present measurements reveal
that the conversion of CO, to formate represents a significant catalytic process for
nitrogenase.

Does CO, reduction involve reductive elimination? Although the reduction of
CO, to formate involves only 2e/H* , and likely involves binding at the E, state, the 6/8
e’/H" reduction to CO/CH,4 could occur by a process that parallels the reduction of N,
namely a reductive elimination (re) mechanism (Figure 3-2, right). *° A key feature of

the re mechanism for N, reduction is the reversible reductive elimination/oxidative
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addition in which the FeMo-co is activated for the binding/reduction of N, through the re
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Figure 3-3. Effect of H, on N, and CO, reduction. Specific activities (nmol
product/nmol MoFe protein/min) are shown for N reduction to NH;3 (panel A), CO;
reduction to formate (panel B), and CO, reduction to CO (panel C) either with or without
the addition of H,. All assays were done with wild type MoFe protein at 30°C as
described in the Materials and Methods. Reaction conditions were: 0.2 atm N, + 0.8
atm Ar or 0.2 atm N; + 0.8 atm H; for panel A; 40 mM HCOg3 + 1 atm Ar or 40 mM
HCO3™ + 1 atm H, for panel B; 0.15 atm CO; + 0.85 atm Ar or 0.15 atm CO, + 0.85 atm
H, for panel C.

loss of H,. As a result of this reversible equilibrium, H; inhibits N, reduction to NH3 by

displacement of the bound N, (Figure 3-2, right).”* This inhibition is recapitulated here
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by activity measurements that show inclusion of 0.8 atm H, in place of 0.8 atm of Ar
along with 0.2 atm Np, results in ~50% inhibition of the NH3 formation rate for wild type
nitrogenase (Figure 3-3). If CO, reduction also followed a reversible re mechanism, this
process likewise should be inhibited by the addition of H,. However, as can been seen
(Figure 3-3, panel B), the inclusion of 1 atm H, caused no detectable inhibition of the
reduction of CO; to formate, relative to the Ar control. Inclusion of 0.85 atm of H; also
had no effect on the rate of reduction of CO, to CO compared to the Ar control (Figure
3-3, panel C). These results indicate that CO, reduction catalyzed by nitrogenase does
not involve the reversible re step that is operative in N, reduction.

Alternative mechanisms of CO; reduction by hydride insertion: With the re
mechanism having been eliminated, the most plausible mechanisms for CO; reduction
catalyzed by nitrogenase involves migratory insertion of CO, into the Fe-H bond of
reduced FeMo-co, in analogy to the proposed mechanisms of C,H, and NO
reduction.'™*® Figure 3-4 presents two alternative hydride insertion reaction pathways
for the reduction of CO; to formate based on studies of inorganic complexes: the ‘direct
hydride transfer’ reaction of CO, with the FeMo-co Fe-H , and an ‘associative’ pathway
with hydride insertion by Fe-bound CO..*° As incorporated into Figure 3-4, the
formation of CO and CHy,4 can be viewed as a shunt off of the associative pathway. The
~10:1 product ratio of formate:CO/CH, observed for CO, reduction by wild-type
nitrogenase indicates that the pathways to formate formation are energetically favorable
compared to the pathway to CO/CH, formation.

Testing possible pathways by calculations: We used DFT calculations to



84
evaluate the possible pathways for CO, reduction catalyzed at FeMo-co, presented in

Figure 3-4. The starting point for the calculations is the E,(2H) state, which has
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Figure 3-4. Possible pathways for CO, reduction. CO; activation at one FeS face of the
E, state of FeMo-co is shown. The E; state is proposed to contain a single Fe-hydride and
a proton bound to a sulfide shown bound to one face of FeMo-co. Reduction to formate
(blue box) can go by either a direct hydride transfer or an associative pathway. A
pathway to formation of CO and CHy, is shown in the green box. Six additional electrons
and protons are added to the bottom structure to achieve reduction to CH,.

accumulated 2 [e/H"], which optimization shows to be present as 1 Fe-bound hydride
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and 1 sulfido-bound proton (Figure 3-S3).

Geometry optimization of model 1 in the presence of CO; in the vicinity of the
Fe-hydride center of the E,(2H) state (at C-H distance longer than 3.5 A) leads to
spontaneous ‘direct hydride’ transfer to carbon, with the formation of formate (Figure 3-
5, blue pathway). In turn, according to the adopted computation model, the newly formed
formate deprotonates the S-H of FeMo-co with the formation of formic acid. Isomers of
FeMo-co differing in the location of the proton and the hydride provided similar
scenarios. Calculations carried out on model 2, which includes residues a-70V and o-
96”9 above the reactive face of FeMo-co, revealed that the local environment around the
cofactor limits CO, access to the catalytic center and introduces a barrier for the direct
hydride transfer (AG* = +9.6 kcal/mol, see Figure 3-5), forcing CO, to approach the
hydridic hydrogen sideways (Figure 3-S6) with respect to the FeMo-co face rather than
perpendicularly as in model 1. It is important to point out that while model 1 and model 2
largely differ in the description of the kinetics of the direct hydride transfer, they provide
comparable reaction free energies (AG® = —25.8 kcal and —23.0 kcal/mol, respectively).
An analysis of the electronic properties of FeMo-co during the hydride transfer, carried
out within the natural bond orbital (NBO) framework,*! revealed a strong charge transfer
from the o (Fe-H) bonding orbital to the o* (C=0) anti-bonding orbital (see Supporting
Information), which results in the heterolytic Fe-H — Fe* + H bond cleavage and the
transfer of the hydride to CO,. The exergonic nature of the direct hydride transfer
suggests that the hydricity of the E; state, AGy-, is sufficient to transfer a hydride to CO,

to generate formate, i.e., the hydricity is below that of formate (HCOO™ — CO, + H,
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AGH- = +24.1 kcal/mol).*?

In contrast, the ‘associative’ pathway for CO, reduction, whereby CO, first
coordinates sideways to Fe, via the C atom (Figure 3-S7), was found to be
thermodynamically and kinetically unfavorable. Indeed, the formation of the E,(2H)-CO,
adduct is endergonic by AG® = +10.8 kcal/mol (AG® = +8.7 kcal/mol, model 2) , and the
calculated barrier for the subsequent hydrogen transfer to CO, is AG* = +11.1 kcal/mol
(Figure 3-5, blue pathway). The computed overall barrier for CO, reduction to HCOOH
via the associative pathway is +21.9 kcal/mol. Upon CO; binding to Fe, , the Fe,-S bond
in the Fe,-S-Feg bridge breaks (Figure 3-S7A) and it is reformed when the product is
released. The NBO analysis of the associative pathway indicates that the hydrogen
transfer is driven by a strong charge transfer from n (Fe-C) of the Fe-bound CO, moiety
to o* (Fe-H) and from FeMo-co localized orbitals to CO,, which results in the heterolytic
Fe-H — Fe” + H" bond dissociation with the net transfer of a proton to the C atom and the
breaking of the Fe-C bond. During the proton transfer the two o (Fe-C) electrons are used
to make the C-H bond. The different behaviors of the Fe-H in the direct hydride transfer
pathway and the associative pathway are truly remarkable: in the former the Fe-H
hydrogen behaves as a hydridic hydrogen and in the latter as a protic hydrogen.

A pathway leading to the formation of CO from E,(2H)-CO, was also found. The
lowest free energy path for this reaction starts with the transfer of the protic S-H
hydrogen to one of the oxygen atoms of CO,, which is an exergonic reaction (AG°=-76
kcal/mol) with an activation barrier of AG* = +7.7 kcal/mol (Figure 5, green pathway).

The presence of ionizable residues near the reactive FeMo-co face, most notably «-96™",
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raises the question whether one of these residues can act as a proton relay to the CO,
rather than the protonated FeMo-Co S atom. The size of the present computational
models cannot fully address this question. However calculations carried out with model 2
indicate that protonation from a-96™" is extremely unlikely, given that this reaction is

endergonic by 13.4 kcal/mol.

Relative free energy (kcal/mol)

Figure 3-5. Computed free energy diagram for CO, reduction and H, formation
occurring at the E, state of FeMo-cofactor. Calculations start with the E; state that
contains one bridging hydride and one H* associated with a sulfide. This starting state is
assigned a relative free energy of 0 kcal/mol and all other free energy changes are relative
to this state. Going to the left (red) is the pathway for heterolytic formation of H,. To
the right (blue) is the direct hydride transfer or associative pathway going to a CO, bound
to FeMo-co. Further to the right (green) is the pathway to CO formation. Reported data
were calculated with model 1 except for the activation barrier for the direct hydride
transfer, which was calculated with model 2. For a more detailed comparison between
model 1 and model 2, see Figure 3-S3.

The formation of CO proceeds with the transfer of the Fe-H hydrogen (as a proton) to

that oxygen, which results in the spontaneous and very exoergic dissociation of a water
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molecule (AG® = -27.8 kcal/mol), followed by the slightly exergonic dissociation of CO
(AG® = -1.4 kcal/mol). Thus, in this case, the Fe-H again behaves as a proton donor.

For completeness, we also investigated computationally the release of H, from the
E,(2H) state. We found that formation of H, is a facile (AG* = +6.3 kcal/mol) and very
exergonic process (AG® = -31.3 kcal/mol; Figure 3-5, red pathway). This result is
consistent with our recent explanation of why H, cannot reduce FeMo-co: it is too far
‘uphill’.® As with the direct hydride pathway, the Fe-H behaves as a hydride that is
protonated by S-H, with the overall H, elimination driven by a o (Fe-H) to o* (S-H)
charge transfer.

Experimentally altering product distribution during CO; reduction through
MoFe protein modification: We sought to alter the selectivity of CO, reduction to
different products by changing the environment around the active site FeMo-co by amino
acid substitutions (Figure 3-S8). Earlier studies identified the 0-70"* and a-195°" as key
residues that, when substituted, alter the reactivity of nitrogenase toward substrate
reduction.?***** We therefore assessed how changing these amino acids would alter the
ratio of the products when reacting with CO, (Figure 3-6 and Table 3-S1). For the wild
type MoFe protein under these conditions, about 20% of the electrons are utilized for
CO; reduction, formate being the primary product, with a trace of CO. The remaining
80% of electron flux is used to make H,. In the a-70Y**" substituted MoFe protein, the
electron flux is shifted in favor of CO, reduction to make formate (~30%), with the
remainder going to make H,. The 0-195"2¢" substituted MoFe protein shows

essentially 100% electron flux going to make H,. Substitution of both a-70""%/ ¢-195°",
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however, results in a protein that shows considerable reduction of CO, to formate
(~20%), but with detectable formation of CH4 (~2%), the remaining flux going to make
H,. These findings reveal that subtle changes around the active site can indeed alter the
reaction pathway energy landscape, thereby altering the distribution of electrons passing

through nitrogenase to CO; reduction.
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Figure 3-6. Product distribution under CO, for different MoFe proteins. Shown are
the electron distribution to different products with CO, for the wild-type, a-70A'a, o-
195°" and a-70""%/a-195°"" MoFe proteins. Assay conditions: 1 mg MoFe, 6 mg Fe, 0.45
atm CO, with an incubation time of 60 min at 30°C.

Discussion

The discovery reported here that nitrogenase can reduce CO, to formate, coupled
with the earlier reports of reduction to CO?® and to CH,,%* makes nitrogenase unique in its
ability to catalyze the reduction of CO, to a range of products. For example, CO

dehydrogenase and formate dehydrogenase efficiently catalyze 2 e/H* reduction of CO,
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to CO and HCOO/, respectively, but do not catalyze reduction of CO, to CH4.*>* Indeed,
few known organometallic complexes can reduce CO, to this suite of products, *'*®
making the study of the mechanism of CO, reduction by nitrogenase important to gain
mechanistic insights into how to reduce CO, Studies during the last few years have
revealed the presence of Fe-bound hydrides in reduced states of nitrogenase, as well as
their importance in the nitrogenase N, reduction mechanism.® Activation of nitrogenase
by the accumulation of 4e/H" on FeMo-co (E4(4H) state) results in the storage of these
reducing equivalents as two bridging hydrides (Fe-H-Fe) in the central E4(4H) state.
There is ample evidence now that the binding of N, to this activated state is associated
with the loss of H, by a reductive elimination (re) mechanism, with two hydrides
combining to make H, coupled to the reduction of N, to a diazene-level state.® ** It has

been shown that the binding of N, to the E4(4H) state with loss of H, involves the

thermodynamically and kinetically reversible re equilibrium (egn 3-1)

E4(4H) +N, S E4(2N2H) + H, (3-1)

that activates FeMo-co for the addition of the first two electrons and protons to Ny, the
most difficult step in N, reduction. Subsequent steps of reduction are likely to involve
migratory insertion (mi) of this bound species into M-H on FeMo-co, ultimately leading
to the formation of two NHs3. The ability of FeMo-co to simultaneously hold the partially
reduced N, species juxtaposed to one or more Fe-hydrides offers an attractive way to

achieve the stepwise reduction of N, all the way to NH3without release of intermediates
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that might be toxic to the cell.

An important consequence of an obligatory loss of H, during reduction of any
substrate through a re equilibrium means that added H, will inhibit reduction of the
substrate through such a re mechanism by ‘driving’ the equilibrium to the left.”* The
findings presented here, that CO, reduction to formate and to CO and CH, are not
inhibited by H,, eliminates the possibility that CO, binding and reduction is coupled to
reversible re/oa mechanism in which N binding/reduction is coupled to the re loss of H,.
This finding directed our attention to alternative mechanisms involving proton coupled
electron transfer or migratory hydride insertion, as is proposed for CO dehydrogenase
and formate dehydrogenase.*>*

Studies on inorganic metal-hydride complexes indicate there are two pathways for
the participation of metal-hydrides in reduction of CO, to formate.” One is an
associative pathway, in which CO, binds through its C atom to an Fe of FeMo-co that has
at least one bound hydride (Figure 3-4); the presence of a bound hydride increases the ©
back-donation ability of the metal and the nucleophilicity of the metal. The bound C then
undergoes mi into the Fe-H bond and accepts a proton bound to sulfur to release
HCOOH. Alternatively, (Figure 3-4) in a direct hydride transfer mechanism, CO, does
not bind to a metal ion, but rather the C atom of CO, associates with the metal bound
hydride and the hydride is directly transferred to the C of CO,, to generate formate with
transfer of the proton bound to sulfur again giving HCOOH.

Both of these mechanisms seem reasonable and it would be difficult to distinguish
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between them from experimental evidence. Instead, this is an ideal situation where
calculations can distinguish between possible pathways. Exploratory DFT calculations
have been carried out by starting the reaction pathway from an E,(2H) state, the state
with which CO, is proposed to initially interact. These calculations employed simplified
models of the nitrogenase active site, which includes FeMo-co with truncated Cys, His,

49,50

and homocitrate ligands (model 1), similar to previous investigations, and

0V and 0-96™" residues (model 2) to examine the energetics of

additionally truncated a-7
the possible direct hydride and associative reaction pathways, and, at the same time, to
analyze the chemical bonding and the reorganization of the electron density distribution
upon bond breaking and forming.

The calculations reveal a significant barrier between CO, and formate along the
associative pathway. For this pathway, the coordination of CO, to E»(2H) is endergonic
by +10.8 kcal/mol, with the overall activation free energy for forming formate being
endergonic by +21.8 kcal/mol relative to the E,(2H) state. In contrast, the direct hydride
pathway is found to have a barrier of only 9.6 kcal/mol. Comparison between model 1
and model 2 indicates that this barrier is basically due to protein residues above the
reactive face of the FeMo-co, which limit the CO, access to the hydridic hydrogen. These
environmental effects are demonstrated by the changes in product ratios introduced by
amino acid substitutions in the vicinity of the active sites on FeMo-co. The lack of a
barrier when CO; has free access to the hydridic hydrogen is notable, suggesting that the

hydride donor ability of the Fe-H on the E,(2H) state is considerably more favorable

(smaller hydricity) than that of formate. Using the experimental hydride donor ability of
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formate in aqueous solution, AG’(HCOO') = 24.1 kcal/mol,*?

as a reference value, we can
obtain a conservative estimate of the hydride donor ability (hydricity) of E,(2H) from the
half reactions® reported in the thermodynamic cycle of Scheme 1 as AG’(E,(2H)) = AG®
+ AG’(HCOO). Using the calculated (model 1) value AG® = -8.4 kcal/mol for the free
energy change of the hydride transfer reaction from E,(2H) to CO,, yields AG’(E,(2H)) =
+15.7 kcal/mol.

Following similar arguments (Scheme S1), we can obtain an estimate of the pK,
for the protonated Eq(H) state of -9.1 pK, units. The extremely high acidity of Eq(H)

suggests that, in the formation of Ej(H), Eo is first reduced then protonated probably

through a proton coupled electron transfer reaction.

Scheme 1. Thermodynamic cycle for determining the hydride donor ability of

E»(2H).

E»(2H) S Eo(H) + H° AG°(E,(2H))

CO,+H S HCOy AAG’(HCOO) = -24.1 kcal/mol

E2(2H) + CO, S Eo(H) + HCO, AGY = -8.4 kcal/mol

These calculations demonstrate that hydride-bound FeMo-co can act as a strong
H™ donor. On the other hand, the same hydride ligand can act as a proton donor in the less
active associative pathway. Our results highlight several of the numerous fallacies in a

recent misanalysis of nitrogenase catalysis.** A hydrogen atom bonded to a metal is
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defined formally as a hydride, and the present results show that it is incorrect to attempt
to define an M-H moiety as a hydride or proton based on atomic point charges derived
from electron density partitioning schemes, rather than reactivity (see Supporting
Information). The calculations reported in the present paper, together with other recent
reports, show little differences between atomic charges on H atoms bound to Fe or S,
with variation smaller than differences between the different flavor of the partitioning
scheme employed (Tables 3-S2 and 3-S3).*° Correspondingly, the NBO analysis
reported here indicates that the Fe-H and S-H bonds are covalent with a small
polarization as expected from the difference in electronegativity of the atoms involved
(see Supporting Information). Nonetheless, the Fe-H and S-H bonds show dramatically
different reactivity patterns. We also would like to point out that, as a consequence of the
strong covalent character of the Fe-H and S-H bonds, during the accumulation of e/H" to
form E,(2H) and, in turn, E4(4H), electrons are neither stored on the FeMo-co metal core,
in particular on the Fe atoms, nor in hydridic H atoms. Rather the added electrons are
nearly equally shared between the atoms involved in the new chemical bonds as
substantiated by the electron configurations reported in Table 3-S4.

In contrast to the formation of formate, the reduction of CO, to CO, and on to
CHy,, are likely to follow an associative reaction pathway, involving the binding of CO, to
FeMo-co through the C (Figures 3-4 and 3-5). The common early step in this pathway
for both formate and CO formation is the endergonic coordination of the CO, to the Fe of
FeMo-co. On the pathway to CO formation, the H* associated with the S has been

modeled to interact with one O of the bound CO, with the hydride bound to the Fe acting
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as a proton donor to the O, resulting in the reduction of the O to water and a bound CO.
The overall barrier to the formation of the intermediate leading to CO is found to be
+18.5 kcal/mol relative to the E,(2H) state. Thus, the calculations are consistent with the
experimental observations that the wild type nitrogenase exhibits a larger formate/CO
product ratio during CO, reduction. The calculations indicate that the direct hydride
transfer pathway will be substantially favorable compared to the associative pathway that
leads to CO and CH, production. For comparison, calculations were also done for the
conversion of the E,(2H) state to the Eo +H, state, revealing an exergonic process of -
31.3 kcal/mol compared to the E,(2H) baseline state, with an activation barrier of 6.3
kcal/mol.

In summary, wild type nitrogenase is shown here to be effective in CO; reduction
to formate. The most favorable pathway for formate production is calculated to be direct
hydride transfer to the C with subsequent proton transfer from an SH. The alternative
associative pathway to formate, the binding of CO, to Fe followed by mi of the CO, into
Fe-H and protonation, is calculated to have a much higher energy barrier. The higher
barrier on the associative pathway is consistent with the modest rates observed for CO
formation, with essentially undetectable CH4 formation. The observation that substitution
of amino acids around FeMo-co can alter the product distribution between formate and
CO/CHy, reveals that subtle changes in the protein environment around FeMo-co can tune
the energetics of the two pathways. Further experimental and computational studies may
provide insights into how to design amino acid substitutions that influence the energetics

of the competing pathways in favorable ways.
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APPENDIX

SUPPLEMENTARY INFORMATION

CO2 REDUCTION CATALYZED BY NITROGENASE: PATHWAYS TO

FORMATE, CARBON MONOXIDE, AND METHANE
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Natural Bond Orbital Analysis

The natural bond orbital (NBO) analysis was developed to study hybridization and
covalency in molecules in terms of concepts similar to Lewis chemical structures, then
extended to the analysis of intermolecular charge transfer due to localized orbital
interactions. In this appendix, we will briefly review a few main concepts and quantities
of NBO theory, which we used to characterize and quantify bonding and orbital
interactions in the catalytic intermediates and transition states involved in the CO,
reduction by E»(2H). For consistency all of the NBO analysis was performed on species
obtained from model 1 (Figure 3-S3a).

The NBO of a localized orbital, ¢, between two atoms A and B is formed by a linear
combination of two orthonormal hybrid orbitals, ha and hg, defined in terms of atomic
orbitals centered on A and B:

HA-B) = caha + Ccghg

where [cal’ + |cg’ = 1. The relative magnitude of the coefficients ca and cg can be taken
as a measure of the bond polarization due to the different electronegativity of A and B.

22 ~ 0.707. The coefficients ca and cg, and the

For a perfectly apolar bond ca = cg =
occupation of selected NBOs for crucial species are reported in Table S1. In addition to
the species involved in the CO; reduction by E,(2H), data for the E4(4H) state is also
shown. From Table S1, it is evident that the Fe-H is properly described has a covalent
bond with a small polarization toward the H atom. As discussed in the main text, for the

truncated nitrogenase model used in the present study, direct hydride transfer to CO, was

found to be an exergonic, barrier less process. Therefore, in Table S1, for this pathway
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we report data relative to a (Fe)H...C distance of 2 A to analyze the nature of the
intermolecular interactions as CO, approaches Fe-H. This (Fe)H...C distance is
comparable with the corresponding TS distance characterized from model 2 (Fig S5). It is
interesting to point out that, while the population of the o*(Fe-H) antibonding orbital is
typically negligible, in the case of the E;(2H)-CO, adduct, o*(Fe-H) has an appreciable
population (0.470 e) because of the strong charge transfer from the geminal o(Fe-C)
orbital, which in turn has an unexpectedly low population for a bonding orbital (0.825 e).
As discussed in the main text, and reiterated below, the o(Fe-C) — o*(Fe-H) drives the
proton transfer from Fe to C with the formation of HCOOQO'. It should also be noted that
because of o(Fe-C) — o*(Fe-H) charge transfer, a population analysis based on charge
partitioning yields the substantial negative charge of -0.214 e on the hydrogen of the Fe-
H bond (Table S4), providing the misleading suggestion that Fe-H has a partial “hydridic
character”.

The strength AE® of charge transfer interaction ¢ (A-B) — ¢ »(C-D) between two

orbitals can be estimated from the second order perturbative formula

) |(¢’1|ﬁ|¢2>|2

&) &

AE®@) = —

where F is the Fock operator, and & and & are the NBO energies associated to ¢ and ¢.
In turn, from AE® the charge qcr transferred from ¢ (A-B) to ¢,(C-D) is obtained as qcr
= |AE@|/(& - &) (in electron charge, e).

Table S2 reports the value of qcr relative to the major interactions between E,(2H) and

CO, for five situations: the (i) E2(2H)/CO, system with (Fe)H interacting with CO; at a
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distance of 2 A (direct hydride transfer mechanism), (ii) the E»(2H)-CO, adduct, the
transition state for CO, reduction to (iii) formate and (iv) CO according to the associative
mechanism, and, finally (v) the transition state for H, evolution from E»(2H). This data
clearly shows the different behavior of the hydrogen atom bound to Fe. Indeed, in the
direct “hydride” transfer mechanism, the hydrogen atom moves to C of CO, bringing
with it the electron density of the Fe-H covalent bond as indicated by the large o(Fe-H)
— 1*(C-0O) charge transfer. In the associative mechanism for the CO, reduction to
formate, an appreciable amount of charge is transferred from the o(Fe-C) bond to the
o*(Fe-H) antibond, weakening the Fe-H bond, and at the same time an even larger
amount of charge is transferred from FeMoco localized o (Fe-X) bonds to o*(Fe-C) and
n*(C-0) antibonds, which leads to the dissociation of the Fe-H bond, with the departure
of H as a proton rather than an hydride, and the breaking of the Fe-C bond. At the
transition state the dominant charge transfer is from o(Fe-X) to ©*(C-O). Finally, in the
H, elimination, Fe-H bond behaves again as a hydride donor, and the reaction can be

described as a protonation of the hydride by the S-H group.
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Table 3-S1. Coefficients (ca and cg) and occupation of selected Natural Bond
Orbitals, ¢(A-B), where ¢ = o(sigma bonding), c*(sigma antibonding), and ©* (pi
antibonding). The reported values are relative to the spin up orbitals. Similar trends are

observed for the spin down.

Species Orbital Ca Cs Occupation (e)
E,(2H) o(Fe-H)  0.690 0.724 0.911
o(S-H) 0.761  0.647 0.997
o*(Fe-H) 0.724  -0.689 0.057
o*(S-H) 0.647 -0.762 0.023
E»(2H)...CO; o (Fe-H) 0.609  0.7928 0.850
Direct pathway o (S-H) 0.763  0.646 0.996
(H...CO, distance =2 A)  o*(Fe-H) 0.793  -0.609 0.091
o*(S-H) 0.646 0.763 0.023
6*(C=0) 0591  0.806 0.411
E,(2H)-CO;, o (Fe-H) 0.838 0.546 0.861
Associative pathway o (S-H) 0.662  0.750 0.996
o(Fe-C) 0.838 0.546 0.825
o* (Fe-H) 0546  -0.838 0.470
o*(S-H) 0.662 0.750 0.010
E4(4H) ci(Fe-H) 0647 0.763 0.800
oy(Fe-H) 0.782  0.623 0.719
c1(S-H) 0.755  0.655 0.995
0 2(S-H) 0.777  0.630 0.967
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Table 3-S2. Magnitude of the charge gcr transferred from the NBOs ¢; and to the
NBO ¢,, ¢1(A-B) = ¢,(C-D), for selected species, where ¢,-1, = ¢ (sigma bonding),
c*(antibonding), #* (pi antibonding), and n (lone pair). Both spin up and spin down
orbital have been considered for the calculation of qgcr.

Species Interaction Jet
(e)

E2(2H)...CO,(Direct pathway) o (Fe-H) —»x*(C-0) 0.182

E,(2H)-CO, o (Fe-C) = o *(Fe-H) 0.108

o (Fe-C) — ¢ *(Fe-C) 0.116
o (Fe-X) =n*(C=0) 0.188
o (Fe-X) = ¢ *(Fe-C) 0.307
E»(2H)-CO, = E,(H)+ HCOO  (TS) 6 (Fe-X) = o *(Fe-C) 0.218
6 (C-H) = o *(Fe-S) 0.118
E2(2H)-CO, — E,(H)-COOH (TS) n(0) — ¢ *(S-H)[J 0.211

E,(2H) = Eo + H, (TS) o (Fe-H) = 6 *(S-H) 0.290
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Table 3-S3. NBO point charges (e) on the FeMoco cluster in various catalytic
intermediates. The values of the Fe atoms in E»(2H), E»(2H)-CO, and E4(4H) to which
the hydrogen is bound are reported in bold. Hydrogen bound to Fe and S atoms are
indicated as Hi and H;", respectively.

Eo E2(2H) Ex(2H)-CO, E4(4H)
Fel 0.859 0.874 0.724 0.831
Fe2 0.749 0.467 0.647 0.518
Fe3 0.695 0.766 -0.689 0.757
Fed 0.695 0.656 -0.762 0.772
Fe5 0.636 0.628 0.7928 0.789
Fe6 0.671 0.519 0.646 0.535
Fe7 0.705 0.726 -0.609 0.418
SIA -0.719 -0.813 -0.759 -0.831
S2A -0.807 -0.768 -0.730 -0.685
S3A -0.886 -0.887 -0.838 -1.136
S4A -0.747 -0.776 -0.766 -0.706
S5A -0.854 -0.926 -0.826 -0.926
S1B -0.310 -0.318 -0.395 -0.364
S2B -0.890 -0.483 -0.569 -0.516
S3B -0.357 -0.379 -0.315 -0.253
S4B -0.367 -0.387 -0.361 -0.418
Mo -0.033 -0.011 -0.089 0.021
c* -1.131 -1.097 -0.990 -1.197
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Hy -0.137
Hy
H,* 0.128

H,*

-0.214

-0.132

-0.031

-0.004

0.097

0.023
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Table 3-S4. Natural valence electron configuration for the Fe (n =4) and H (n = 1)
atoms in Eo, E2(2H), E2(2H)-CO;, and E4(4H). The values of the Fe and S atoms in
E2(2H), E2(2H)-CO, and E4(4H) to which the hydrogen is bound are reported in bold.
Hydrogen bound to Fe and S atoms are indicated as H; and H;", respectively.

Atom  Eo E,(2H) E,(2H)-CO, E4(4H)
ns (n-1)d ns (n-1)d ns (n- ns (n-1)d
1)d
Fel 0.46 6.65 047 6.63 046 6.65 048 6.65
Fe2 040 6.84 041 7.09 044 7.09 040 7.05
Fe3 039 6.89 040 6.80 043 6.88 041 6.79
Fe4 040 6.87 040 6.92 043 6.87 041 6.78
Feb 040 6.90 039 6.97 042 6.96 0.38 6.81
Fe6 0.38 6.83 037 7.09 041 6.88 035 7.09
Fe7 0.38 6.84 0.38 6.87 040 6.91 038 7.18
Average 040 6.83 040 6.91 043 6.89 040 6.91
(0.03) (0.08)  (0.03) (0.15)  (0.02) (0.12)  (0.04) (0.18)
Hi 1.13 1.21 1.02
Hy 0.99
H,* 0.89 0.86 0.89
Hy" 0.95
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Table 3-S5: Product accumulation and electron distribution for MoFe protein

variants
Product

H, HCOO CHq4 CO

nmol/nm %e nmol/n % nmol/nmo %e nmol/ln %e
a-70712 ol/min? mol/mi e  I/min mol/m

n in
Ar 78+1 100 NDP ND ND ND ND ND
CcoO, 4742 70 2143 29 ND ND 0.14+0 1
.01

0-195°"
Ar 7412 100 ND ND ND ND ND ND
CO, 7312 100 ND ND ND ND ND Trace
a-70% g-
1956
Ar 103+1 100 ND ND ND ND ND ND
CO, 79+2 78 21+6 21 0.32+0.01 1.24 0.0007 Trace

*nmol product/nmol MoFe protein/min. Rates are the average over the 60 min assay at

30°C with 1 mg MoFe protein and 1 mg Fe protein. CO, was at a partial pressure of 0.45

atm.

bNot detected



110

Scheme 3-S1. Thermodynamic cycle for determining the pK, Eo(H). The value
AG’(HCOOH) = 5.1 kcal/mol is derived from the experimental pK, of formic acid (3.77)
[Brown, H. C. et al., in Braude, E. A. and Nachod, F. C., Determination of Organic
Structures by Physical Methods, Academic Press, New York, 1955]. The value (1G° = -
17.5 kcal/mol was calculated in the present work.

Eo(H) S Eo + H AGY(Ex(2H)) = 1.364 pK, (at T = 298.15K)

HCOO + H* S HCOOH AG’(HCOOH)=-5.1kcal/mol=1.364pK,(HCOOH)

E»(2H) + CO, S Eo(H) + AG? = -17.5 kcal/mol

HCO,
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Figures:
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Figure 3-S1. HCOO' via *C NMR. C formate was detected at 5=171.083 ppm only
during H*CO5™ turnover but not under Ar turnover. Natural abundance **C formate was
used as reference to get the chemical shift for formate. Conditions: 50 mM H¥®CO;5 , 1
mg wild type MoFe protein, 1 mg Fe was used to carry out the turnover for 60 min at 30

°C.
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Figure 3-S2. Colorimetric assay for formate. (Left) Absorbance versus wavelength of a
sample following turnover under CO, (top) or Ar (bottom) in the formate assay. (Right)
Standard calibration curve for the formate colorimetric assay.
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Figure 3-S3. Structures of the models used for the DFT calculations. Atom coloring
is as follows: rust, iron; magenta, molybdenum; yellow, sulfur; cyan, carbon; blue,
nitrogen; red, oxygen; grey, hydrogen. The atoms marked with asterisks were kept frozen
to their crystallographic position during the geometry optimizations. Selected Fe-H
distances are shown. (a) minimal model and (b) extended model that includes key amino
acid side chains.
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Figure 3-S4. Computed free energy diagram for CO, reduction and H, formation
occurring at the E, state of FeMo-cofactor. Values reported for model 1 (Figure S3a)
and model 2 (Figure S3b, values given in parenthesis).
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Figure 3-S5. Structure and relative free energy of various E, states examined
computationally. The DFT calculations indicate a preference for a hydric hydrogen
shared between to Fe centers and a protic hydrogen located on a u-S atom. Protonation of
a us-S atom is highly unfavorable (structure g, h, i and j). All free energies are given in
kcal/mol.
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Figure 3-S6. Structure of the transition state for the direct hydride transfer to CO,
as computed from model 2. Relevant distances are given in A.
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Figure 3-S7. Selected structures of species leading to the formation of formate
(associative pathway) and CO as computed from model 1 and model 2. A: E,-CO,
adduct; B: transition state for the hydride transfer to the C atom of CO,; C: transition
state for the proton transfer to the O atom of CO, bound to E,; D: E,-COOH adduct.

Relevant distances are given in A.
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Figure 3-S8. Key catalytic residue around FeMo-cofactor that modulate catalytic
selectivity. o-70"? is above the catalytic 4Fe-4S face and acts as a “gatekeeper” to
control the access of substrate to the FeMo-cofactor. a-195"" is presumed to be one of
the proton donors to the cofactor.
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CHAPTER 4
PATHWAY OF CO, REDUCTION TO CH4 AND C-C BOND FORMATION

CATALYZED BY NITROGENASE

Abstract

Nitrogenase catalyzes multi electrons/protons reduction of many unsaturated
molecules besides its physiological substrate, dinitrogen (N,). Decades of exploration of
the nitrogenase catalysis reveal that it uses diverse mechanisms to overcome the kinetics
and thermodynamics barriers associated with the reduction processes, namely proton-
coupled electron transfer (PCET), migratory insertion (mi), deprotonation of the metal
hydride, and reductive elimination (re). In this study, we show how nitrogenase uses
various mechanisms for the reduction of carbon dioxide (CO,) to methane (CH,) and for
the functionalization of CO, through the C-C bond. The activation of CO, to CO involves
an unfavorable deprotonation of bridging hydride while in the subsequent step it uses a
reversible hydride transfer mechanism to activate and reduce CO to formyl intermediate.
Kinetics studies with different MoFe proteins show that the thermodynamics associated
with CO/formyl equilibrium is, in fact, the rate-determining step for the overall reduction
of CO, to CHjy. In addition, we show through the C-C bond formation reactions that
nitrogenase uses different mechanisms for the activation of different carbon-containing
substrates but ultimately “funnels” the reduction pathways into the common
intermediates that are released form the FeMo-co via the reductive elimination

mechanism.

*Coauthored by Nimesh Khadka, Dennis R Dean, Brian M. Hoffmann, and Lance C.
Seefeldt. Manuscript in preparation.
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Introduction
Nitrogenase catalyzes the reduction of an inert dinitrogen (N;) to the two
molecules of ammonia (NH3) and is one of the dominant contributors of fixed nitrogen in
the biogeochemical nitrogen cycle.’> The most active and heavily studied Mo-
nitrogenase has two components: (i) MoFe protein that contains a multi-metallic FeMo-
co (7Fe-9S-1Mo-1C-R homocitrate; denoted M; Figure 4-1) in its active site and (ii) Fe

protein that has a redox active [4Fe-4S] center.

Figure 4-1: Crystal structure of FeMo-co. Fe is shown in rust, S in yellow, Mo in
magenta, carbide in dark-grey, carbon in gray, N in blue and O in red. The four Fe atoms
of the catalytic [4Fe-4S] face are labeled as 2, 3, 6, and 7. Two amino acids, a-70V¥ and
a-195™, around the FeMo-co are also shown; the former or both are modified in enzyme
used in this study. The image was created using PDB coordinate 2AFI.

Substrates reduction is initiated by the transfer of electrons [e’] from the reduced
[4Fe-4S] center of the Fe protein to the FeMo-co of the MoFe protein in a reaction that is
coupled to the hydrolysis of 2 MgATP per [e] transfer.*® The addition of each electron
to the FeMo-co is associated with a coupled proton transfer from the network of proton
donors; hence, the overall mechanism being proton-coupled electron transfer (PCET) as

represented in the simplified Lowe-Thorneley (LT) kinetic scheme for nitrogenase

catalysis (Figure 4-2).*" Each state of the MoFe protein in LT catalytic cycle is denoted
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as En, where n" stage represent the MoFe protein that has accumulated “n” number
proton and electron relative to the resting state FeMo-co (Eo). 4 such steps of PCET
transform the resting state FeMo-co (Eo) to an electronic state, designated as E4(4H),
capable of binding and activating N, through a thermodynamically and Kinetically

reversible reductive elimination (re) / oxidative addition (0oa) mechanism.®°

Ho H «——

Eq M £ H) 2P EyH) 2L Ey3H) SN B4R

N2 N2
NH5 ﬁ&
H2 H2
e/H*

Eg(NH5) ™ E7(NH2)3"7H Eg(2N4H) &/ EL(2N3H) S E4(2N2H)
NH;

Figure 4-2: Simplified Lowe-Thorneley (LT) kinetic scheme for nitrogen fixation. In
the E, notation, n = number of [e/H'] added to FeMo-co; parenthesis denotes the
stoichiometry of H/N bound to FeMo-co. Also, shown is the relaxation of E4(4H) to
E2(2H) and E»(2H) to E, through the release of H, by hydride protonation mechanism.
Advanced spectroscopic studies on the trapped E4(4H) state reveal that the
oxidation state of FeMo-co is identical to the resting state, and the 4 [e/H'] on the
cofactor are stored as the two bridging hydrides bound to the Fe atoms of the FeMo-
0.2 For charge balance, the E, state is also suggested to contain 2 protons, likely bound
to two sulfide atoms of FeMo-co, hence the appellation, E4(4H).> Recent studies further

confirms that E4(4H) state in itself is a “deactivated” state for N, activation/reduction but

the reductive elimination (re) of the two bridging hydrides from E4(4H) to form H;
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transforms the inactivated E4(4H) to a new activated state, E4(2H)*, that has propensity
to bind N, through an oxidative addition (0a). 1>*?*3 The oa of N, to E4(2H)* promptly
transfers 2 [e7] from FeMo-co to ©* orbital of N, followed by the concerted transfer of 2
protons from adjacent protonated sulfides (-SH™) that hydrogenate N, to a diazene level
intermediate, E4(2N2H).** This mechanistic requirement of obligatory dihydrogen (H,)
evolution during the activation of N, explains the need of 8 PCET steps rather than 6 as
required for the chemical reduction of N, to 2NH3; (Eq. 1),

N, + 8¢ + 16ATP + 8H" — 2NH; + H, + 16ADP + 16P; 1)
In the latter half of catalysis, nitrogenase acquires additional 4 [e/H"] through 4
steps of PCET and likely uses two different mechanisms, namely migratory insertion (mi)
into metal hydride and PCET, to form two molecules of NHs."**'* Decades of studies on
the N reduction mechanism show that nitrogenase uses various mechanisms at different
stages of the reduction pathway to overcome both the thermodynamic and the kinetic
barriers. Such an ability of nitrogenase to orchestrate varieties of mechanisms allows it
not only to reduce N, but many other small, unsaturated molecules including carbon
dioxide (CO,), a potent greenhouse gas and a major contributor to the global climate
change. >
Previous studies report that the wild type MoFe protein reduces carbon dioxide
(CO,) by 2 [e/H"] to carbon monoxide (CO) and formate (HCOO") while only the
remodeled a-70"'%/0-195°" MoFe protein reduces CO, by 8 [e/H*] to methane (CH,) and
16-18

catalyzes the C-C bond formation with following stoichiometry (Eqgn 4-2,5),

CO,+ 26"+ 4ATP + 2H" — CO + H,0 + 4ADP + 4P; (4-2)
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CO,+ 2e + 4ATP + 2H" — HCOOH + 4ADP + 4P; (4-3)

CO, + 8¢ + 16ATP + 8H" — CH, + 2H,0 + 16ADP + 16Pi (4-4)

CO,+ CyH, + 8¢+ 16ATP + 8H" — C3Hg + 2H,0 + 16ADP + 16P;  (4-5)
Reduction of CO, by 2 [e/H'] to HCOO™ (E°' = -0.43 V vs NHE) or CO (E°' = -
0.52 V vs NHE) or by 8 [e/H"] to CHy4 (E°' = -0.24 V vs NHE) are all thermodynamically
favorable, yet the Kinetic barrier associated with the activation of CO, limits the number
of available catalyst.'® Nitrogenase is the only single catalyst (enzyme) that catalyzes the
reduction of two most challenging and mechanistically different reactions: - N, and CO,
reduction. Therefore, understanding different activation mechanisms by nitrogenase
might insights into developing a single molecular catalyst with diverse substrate
selectivity. In this study, we demonstrate how nitrogenase uses different pathways for
the reduction of CO, to CH,and how it couples the reduced intermediates to form the C-

C bond.

Materials and Methods

Reagents and Protein purification. All reagents were obtained from SigmaAldrich (St.
Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and were used without further
purification. Gasses were purchased from Air Liquide (CO,, C,H,, CsHg Huston, TX),
Matheson tri.gas (CO; Basking Ridge, NJ) and Air gas (CH4; Radnor, PA). Azotobacter
vinelandii strains DJ995 (wild-type), DJ997 (a-195°""), DJ1310 (a-70""%), and DJ1316 (a-
70"%/0-195°") were grown and the corresponding MoFe proteins, having a seven-His tag
near the carboxyl-terminal end of the a-subunit, were expressed and purified as

described.?’ Protein concentrations were determined using Biuret assay. The purities of
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all proteins were >95% based on SDS/PAGE analysis with Coomassie staining. The
handling of all buffers and proteins were done anaerobically under Ar atmosphere or
under Schlenk vacuum line.

CO reduction Assay. Time dependent CO, reduction to CH,4 was carried out under 0.45
atm CO-in 9.4 mL serum vials with 1 mL of an assay buffer containing 50 mM sodium
dithionite and a MgATP regenerating system (13.4 mM MgCl,, 10 mM ATP, 60 mM
phosphocreatine, 0.6 mg/mL BSA, and 0.4 mg/mL creatine phosphokinase) in 100 mM
MOPS buffer at pH 7.2. After addition of CO,, samples were incubated for 10 min at
room temperature to equilibrate CO, in gas and liquid phase. 2.1 uM MoFe protein was
then added. The assay vials were further incubated in a water bath at 30 °C for 15 min.
After equilibrating the vials to the atmospheric pressure, reactions were initiated by the
addition of 51.4 uM Fe protein. The reactions were allowed to run for the designated time
at 30 °C and quenched by adding 700 pL of 400 mM EDTA at pH 8.0. 500 pL of
headspace gas was injected into gas chromatography with FID detector to quantify CH,.
Time dependent CO, reduction to CO was quantified using hemoglobin as
described.*”* The composition of assay buffer was same as above except 0.1 mg/mL
hemoglobin was also included. 1.2 mL of assay buffer was transferred to 9.4 mL serum
vials maintained with 0.45 atm CO;and the vials were allowed to equilibrate for 10 min
at room temperature. MoFe protein was then added (0.5 mg/mL or 2.1 uM). 1 mL of this
mixture was transferred to 2.2 mL (1 cm path length) quartz cuvette that is modified to
maintain a defined gas atmosphere. A quartz top was fused onto the cuvettes to

accommodate a 13 mm butyl rubber septum and a crimp aluminum seal. The partial
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pressure of the cuvette was also adjusted to 0.45 atm CO,. The sample holder on Cary
Bio UV-Visible spectrophotometer was set to 30 °C and the cuvette was placed on the
holder for 15 min before the initiation of turnover. 51.4 UM Fe proteins were added to
initiate the reaction. The increase in the absorbance at 418 nm was monitored that
corresponds to the formation of CO-Hb complex.

Solvent Isotope effect on CO formation. Both H,O and D,O buffer had the same
constituents as mentioned above. For D,O buffer pD was adjusted to 7.2 (pH reading of
6.8 on the scale).? The assays were conducted with fixed MoFe protein (2.1 uM) but the
varying concentration of Fe protein. The rate of formation of CO was monitored by the
increase of absorbance at 418 nm. The standard curves were made in both H,O and D,0O
buffer. The effect of H,O and D,O on the rate of CO binding to hemoglobin and the
difference in molar extinction coefficient were monitored using the stop-flow
spectrophotometer.

Formamide and Formic hydrazide reduction. Stocks of 1 M Formamide and Formic
hydrazide were made in 100 mM MOPS and pH adjusted to 7.2. From this stock,
appropriate volume was added to 1 mL assay buffer. Formation of CH4 and CO were
monitored as described above.

EPR and photolysis. X-band EPR samples were prepared in H,O buffer with the standard
protocol using 100 uM 0-70"%/0-195°"" MoFe protein, 150 uM Fe protein, 50 uM of
formic hydrazide, and 40% (v/v) ethylene glycol as a glassy agent. EPR spectra were
recorded on a Bruker CW Elexsys-11 E500 instrument connected to a Bruker SHQE-W

resonator at 10 K. Cryogenic temperatures were achieved with an Oxford ESR-900 He-
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flow cryostat. Temperature was controlled using an Oxford Instruments Model ITC 503
temperature controller. Photolysis was performed using a xenon arc lamp (Sutter
Instrument Company, Model: LB-LS/30) with the time intervals of 1 min, 6.5 min, 11.5
min, 21.5 min and 31.5 min.
C-C coupling assay. Coupling assays were carried outin 9.4 mL serum vials containing
1 mL of assay buffer. 0.45 atm CO,, 0.005 atm CO, 50 mM HCONHNH,, 5 mM
HCN/CN™ and varying concentration of C,H,. 500 mM stock of KCN was made in
deoxygenated 2 M MOPS pH=7.2 to counter the change in pH. 4.2 UM MoFe proteins
was added to each vial and finally, the reactions were initiated by the addition of 16.8 uM
Fe protein. All reactions were run for 60 min at 30 °C. 500 pL of 400 mM EDTA (pH
8.0) solution was added to quench the reaction and the gaseous products were quantified
as described. Briefly, CH4, C,Hs and CsHg were quantified by injecting 300 uL of
headspace gas into gas chromatography with FID detector and from the same sample 50
uL of headspace gas was injected into gas chromatography with TCD detector to quantify

Ho.

Results

CO, reduction to CH,. Substitution of two amino acid residues within the MoFe
protein located near FeMo-co allows the remodeled MoFe protein (a-704%a-195°" to
reduce CO, by 8 [e7H'] to methane (CH,).**?* Time dependent CO, reduction to CH,
shows a lag phase of about 1 min. that proceeds before the steady state formation of CH4
(Figure 4-3).

The lag phase corresponds to the intermediate accumulation phase that accepts
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further [e/H'] and gets reduce to CH,. Recent findings have established that a-70""%/q-
195°" MoFe protein reduces CO, by 2 [e/H'] to CO and HCOO™ but no other reduced
intermediates (like CH;OH, HCOH) were detected in **C or *H NMR.*® This opens two

possibilities for the formation of CHy4, namely “CO pathway” or “HCOQO™ pathway”.
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Figure 4-3: Time dependent CO; reduction to CH,4. (A) A lag phase precedes the
steady state formation of CH, This lag phase corresponds to the intermediate
accumulation phase. (B) No lag phase was observed for proton reduction in the same
samples used to generate data on panel A. Assay conditions: 0.45 atm CO,, 2.1 uM MoFe
protein, and 51.4 uM Fe protein. The reaction was done as described in the Materials and
Methods.
Nitrogenase turnover in the presence of CO or HCOO™ demonstrate that a-70"?/a-195°"
MoFe protein can reduce CO to CH4 but no CH4 was detected in HCOO'™ turnover
samples (Figure 4-4).

Furthermore, no CH,4 was detected when turnover was carried out in the presence

of 70 mM methanol (CH3;OH) and formaldehyde (HCOH), which excludes the possibility

of these intermediates being accumulated during the lag phase (data not shown).
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If the lag phase for CH,4 formation refers to CO accumulation phase, there should

not be any lag phase for CO formation during this period. As predicted, only a steady
state CO formation was observed (Figure 4-S1, A). To test if CO is kinetically and/or

thermodynamically compatible as an intermediate, turnover in the presence of CO was
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Figure 4-4: CO, reduction to CH, likely follows CO pathway: o-70"%/0-195°" MoFe
protein catalyzes the reduction of both CO, and CO to CH,;. No CH, was detected on
HCOO" turnover samples. Assay conditions: 0.45 atm CO,, 0.005 atm CO, 50 mM
HCOO", 4.2 uM MokFe protein and 104 uM Fe protein were used. The assays were run
for 20 min at 30 °C.

carried out. The reduction of CO to CH, at an approximate concentration produced during
the lag phase of CO; reduction is kinetically comparable to rate of CO, reduction to CH,4
(~1 nmol CHs/nmol MoFe protein/min at 30 °C) (Figure 4-S1, B), which strongly
suggests that the reduction of CO, to CH, follows “CO pathway”. To further exclude the

possibility of CO formation through the isomerization of metallo-formate complex (M-

OCOH), hemoglobin assay in presence of HCOO™ was carried out. No CO formation was
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Figure 4-5: Predicted pathway for activation of CO, toward CO formation. DFT
calculations suggest that the binding of CO, to E,(2H) state through C atom is
accompanied by the transfer of electron density from FeMo-co to adsorbed CO,,
however, the 2 equivalent of electron density is transferred only after coupled proton
transfer from protonated sulfide (-SH). This decrease in electron density in FeMo-co
causes the H attached to Fe to act as proton which is then transferred to the hydroxyl
functional group of metal carboxylate species (M-COOH) that causes the cleavage of the
C-0 bond. The release of H,O molecules then yields CO.

detected during HCOO" turnover (Figure 4-S2). These observations conclude that the

reduction of CO, to CH,4 by nitrogenase is a two-step process: (i) 2 [e/H'] reduction of
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CO, to CO and (ii) 6 [e/H"] reduction of accumulated CO to CHj.
Mechanism of the reduction of CO, to CO. Our initial DFT calculations
suggest that the binding and activation of CO, toward CO formation involves a

mechanism of deprotonation of metal hydride (Figure 4-5).%8

- . N N
o w o o
T T

nmol CO/min/nmol MoFe protein
o
w

o
o

S R TR R
[Fe protein]:[MoFe protein]
Figure 4-6: Solvent Isotope effect on a-70"%/a-195°"" MoFe protein catalyzed steady
state formation of CO with changing electron flux [Fe protein]:[MoFe protein]. The
steady state formation of CO during the reduction of CO; is greater in D,O as compared
to H,0 at all the fluxes tested. As explained above, this is expected if metal hydride were
involved in the binding of CO,. The fit shown in the figure has no physical meaning.
Shown data is the average of 3 different experiments. Assay conditions: - 0.45 atm CO,,
2.1 UM MoFe protein and varying Fe protein concentration.

A competing reaction during this process is the protonolysis of metal hydride to
form H,. Early temperature dependent Cryo-annealing/EPR experiments establish that
protonolysis of metal hydride to form H,/ D, exhibit a normal kinetic isotope effect (KIE
(ku/ko) ~ 3-4).° As shown in the proposed mechanism (Figure 4-5), the presence of

deuteride should disfavor the loss of reducing equivalent through hydride protonolysis

and, therefore, should favor the binding of CO, to FeMo-co. The presence of hydride or
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deuteride on FeMo-co should have no or negligible effect on the back-donation of
electron density from FeMo-co to CO; as it involves only electronic interaction but no
nuclear movement. Hence, this would predict a solvent inverse isotope effect for the
steady state formation of CO if metal hydride were involved in binding of CO,. To test
the hypothesis, the reactions were carried in H,O and D,0 buffer.

As predicted, the steady state reduction of CO;, to CO monitored by hemoglobin
assay displays an inverse kinetic isotope effect (Figure 4-6 and Figure 4-S3). D,O has
no effect either on the rate of CO binding to Hb or the molar extinction coefficient of
CO-Hb complex (Figure 4-S4). This result corroborates our initial proposed mechanism
for the reduction of CO, to CO through a pathway that involves the metal hydride for
binding and subsequent reduction.

Formyl is an intermediate in the pathway to CH, formation: Formyl (-CHO)
is an intermediate in Fisher-Tropsch chemistry and in several homogeneous catalysts that
catalyze hydrogenation of CO.?* It is, therefore, likely that formyl is one of the
intermediates in the pathway of CO, reduction to CH,4 by nitrogenase. However, there is
no direct spectroscopic evidence of formyl species being formed or trapped during
nitrogenase turnover. We, therefore, used an “intermediate interception” strategy,
previously used to elucidate the reduction pathways for N, and NO,.*** For this,
formamide (HCONH;) and formic hydrazide (HCONHNH,) were explored as new
substrates for nitrogenase. This hypothesis is based on the chemical properties of
carbonyl carbon. The carbonyl carbon of both formamide and formic hydrazide are

electron deficient and susceptible to nucleophilic attack either by the hydride or the
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electron rich metal center. When the metal center of the FeMo-co act as nucleophile,
there is a possibility of C-N bond cleavage with the release of NHx species and the
transfer of the formyl group to the FeMo-co. The covalently bound formyl group further
accepts 4 [e/H"] and gets reduce to CH,4. Hence, if formyl is an intermediate in the
pathway leading to CH,4, we would expect both formamide and/or formic hydrazide to
release CH4as a reduced product. As expected, both formamide and formic hydrazide are
substrates for a-70"%/0-195°" MoFe protein and are reduced to CH.. Surprisingly, formic
hydrazide, even more sterically hindered to reach the active site, produced more CH,4

than formamide; and therefore used for further analysis (Figure 4-7).
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Figure 4-7: Formamide and formic hydrazide reduction to CH4 by a-70"'%/a-195¢"

MoFe protein. Both formamide and formic hydrazide can be reduced to CH,4. The
formation of CH,4 is high when formic hydrazide is used as the substrate. Assay
conditions: 50 mM formamide, 50 mM formic hydrazide, 2.1 UM MoFe protein, 51.4 uM
Fe protein and 15 min of turnover time.

The formation of CH; was confirmed using gas chromatography-mass
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spectrometry (GC-MS). Analysis of head space gas formed after formic hydrazide
turnover showed a peak, that is absent in Ar turnover, with the same retention time as that
of methane and mass over charge (m/z) ratio of 16 (Figure 4-S5). The formation of CH,4
is catalytic and all the components required for the nitrogenase turnover must be present
for this catalysis to occur (Figure 4-S6). Also, the formation of CH, is found to show
dependence on formic hydrazide concentration and a fit to this data using Michaelis-
Menten equation gave a Vmax 0f 1.68 nmol CHs/nmol MoFe protein/min and Ky, of 0.98

mM (Figure 4-S7).
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Figure 4-8: Effect of electron flux on the formation of CO and CH, during formic
hydrazide turnover using a-70"%/a-195°" MoFe protein. (A) Showing the formation
of CO with varying electron flux during formic hydrazide turnover. Lower electron flux
favors the formation of CO. (B) Formation of CH, is high when high electron flux is
used. Assay conditions: - 50 mM formic hydrazide, 2.1 UM MoFe protein and varying Fe
protein concentration. CO detection assays were run for 8 min while assays for CH,4
formation were allowed to run for 15 min.

Oxidation of Formyl to CO occurs at FeMo-co. Studies on various model
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complexes show that the high thermodynamic stability of CO relative to formyl shift the
reaction equilibrium in the reverse direction i.e., in favor of CO.**?*® To test if such
unfavorable thermodynamic exists during nitrogenase catalysis, the formation of CO was

monitored during formic hydrazide turnover.

A EPR spectra of formic hydrazide (FH) resting and turnover states
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Figure 4-9: EPR / Photolysis of freeze quench sample of formic hydrazide turnover
with a-70"%/a-195°" MoFe protein. (A) Both hi-CO and low-CO were trapped in the
freeze quenched samples as represented by their respective g values. (B) The presence of
hi-CO species was further confirmed by photolyzing it to a low-CO species. high-CO
signal disappeared with the increase of low CO signal. Conditions:- 50 uM MoFe
protein, 75 uM Fe protein, and 50 mM Formic hydrazide. EPR was run at 10 K with 2
mW power and photolysis was carried out using an arch lamp.
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Hemoglobin assay confirmed the formation of CO when formic hydrazide is used as
substrate (Figure 4-S8). Electron flux, defined as the ratio of [Fe protein]:[MoFe
protein], showed a significant effect in the formation of CO and CH,4 during formic
hydrazide reduction (Figure 4-8A,B). High flux favored the reduction of formyl to CH,4
while low flux assisted the oxidation of formyl to CO.

EPR and photolysis confirm CO trapped state during formic hydrazide
turnover. To further confirm the relaxation of formyl species to CO, samples were freeze
trapped during formic hydrazide turnover and EPR/photolysis experiments were carried
out. X-band CW EPR shows the disappearance of resting state FeMo-co signal (rhombic,
S = %,) and a raise of a two new S = % rhombic signal in the high field region centered
toward g = 2 region (Figure 4-9 A).

The signal associated with g = [2.17, 2.05] and g = [2.09, 1.99, 1.93] were
identical to the signals trapped during CO turnover.?” Hence, as reported before, these
signals were assigned to the high CO (hi-CO) and the low CO respectively. Previous
studies shows that the hi-CO state has two terminally bound CO and one of them is photo
labile, which leads to the transition of the hi-CO to the low-CO state during photolysis.*®
2° When the formic hydrazide freeze quench samples were illuminated with the arc lamp
(450 nm), the peak associated with g = [2.09, 1.99, 1.93] grew in intensity while a
decrease of intensity was observed at g = [2.17, 2.05] (Figure 4-9 B). This observation is
consistent with the photolysis of hi-CO to low-CO. Undoubtedly, the oxidation of formyl

to CO occurs at the FeMo-co.
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Stabilization of formyl intermediate is the key step during the reduction of

CO, to CHy,: Early studies establish that all MoFe proteins reduce CO, by 2 [e/H"] to
CO and HCOO™ but only a-70""%/a-195°"" MoFe protein catalyzes 8 [e/H"] reduction of
CO,to CH4 (Figure 4-10 A). Since, the CO; reduction follows CO pathway so one of the
possibilities for a-70"%/a-195°" MoFe protein to catalyze the CO, reduction to CHy is its
enhanced catalytic ability to reduce CO, to CO. Steady state analysis indeed
demonstrates that in comparison with other nitrogenase, a-70"/0-195°" MoFe protein

catalyzes reduction of CO, to CO at a high rate (Figure 4-10 B).
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Figure 4-10: Activity of different MoFe protein for reducing CO, to CH, and CO; to
CO. (A) Reduction of CO, to CH, as catalyzed by various nitrogenase. Only a-70"%q-
195°" MoFe protein catalyzes this chemistry with a significant rate. (B) Showing rate of
CO formation during CO, reduction using various MoFe proteins. As predicted, o-
70"%/0-195°" MoFe protein reduces CO, to CO at a high rate. Assay conditions:- 0.45
atm CO, , 2.1 uM MoFe protein and 51.4 uM Fe protein and 0.1 mg/mL Hb for CO
release assay and 30 min assay time for CO, reduction to CH,4 assay.

However, if the concentration of accumulated CO was limiting factor for other



137
nitrogenase, external addition of CO at sufficient concentration should result in the
formation of CH, for all MoFe proteins. Turnover under CO concentration (P, = 0.0005
to .005 atm) shows that only a-70"%/0-195°" MoFe protein is able to reduce CO to CH,
at that concentration (Figure 4-11). Hence, any of the chemical steps after the formation

of CO intermediate governs the overall catalysis of CO, reduction to CH,.

16|
S 14} CO—CH,
E
3l a-70"/0-195%"
£
3 8f
S
o
o
L
2 4 Wild Type -
Iq- Al (1_7OAIa
© a-195°"
of 5o % o -

0.000 0.001 0.002 0.003 0.004 0.005
P (atm)

Figure 4-11: Reduction of CO to CH, using different MoFe proteins. Showing the
reduction of CO to CH, at a lower partial pressure of CO that mimics the CO
accumulation phase during CO; reduction. Only, a-70"%/4-195°" MoFe protein is able to
yield CH,4 under the condition used. Assay conditions: - 2.1 uM MoFe, 51.4 uM Fe
protein and 8 min of assay time.

To test if the rate-determining step for CO, reduction to CHy, is before or after the
formyl intermediate, turnovers were carried out in presence of formic hydrazide (Figure
4-12). Thermodynamically, all variants of MoFe protein were able to reduce formyl to

CHyindicating that a kinetic barrier associated with the activation of CO to formyl is the

most likely the rate-determining step for CO, reduction to CH,.



138

Convergence of reduction pathways and Metal alkyl (M-CH3) a common
intermediate. Studies with N, and NO," reduction have shown that nitrogenase uses
different mechanisms for activation of different substrates but ultimately “funnels” the

reduced intermediates into a common pathway. **? Such convergence of pathways can
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Figure 4-12: Reduction of formic hydrazide to CH,4 using different MoFe proteins.
All variants including wild type MoFe protein were capable of reducing formyl to CHa.
Assay conditions:- 2.1 uM MoFe, 51.4 uM Fe protein, 50mM Formic hydrazide and 30
min of assay time.

be expected for C containing substrates as well. To test this hypothesis, C-C coupling
assays are carried out with different substrates that are reduced to CH, (CO,, CO,
HCONHNH,, and HCN/CN). A logical hypothesis would predict that nitrogenase would

reduce these substrates to a common species, likely metal alkyl (M-CHs), which

reductively coupled with acetylene to form propylene. As expected, propylene formation
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was observed for all these substrates (Figure 4-13).
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Figure 4-13: Formation of C-C bond during co-reduction of CO,, CO, HCONHNH_,
and HCN with C,H,. Consistent with the hypothesis as mentioned above, the reduction
of CO,, CO, HCONHNH, or HCN converses to a common intermediate, most likely M-
CHs, which is intercepted by C,H, to form propylene. Assay conditions:- 0.45 atm CO,,
0.005 atm CO, 50 mM HCONHNH,, 5 mM HCN/CN", 4.2 uM MoFe protein, 16.8 uM
Fe protein and 60 min turnover time.
Discussion

The multi-metallic FeMo-co uses deprotonation of metal hydride as the pathway
for the reduction of CO, to CO, which contrast with the mechanisms broadly accepted for
CO dehydrogenase or well-characterized Ni-cyclam complexes.’®**® In CO
dehydrogenase or Ni-cyclam complexes, CO, binds to the reduced Ni-center followed by

the transfer of electron density from the filled d orbital of metal to the n* orbital of CO;

that causes the bending of CO, molecule as well as increase of C-O bond length, a feature
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associated with CO, activation (Figure 4-14).

CO, activation is a high energy demanding process.”® In CO dehydrogenase, the
activation energy is significantly lowered by charge stabilization. The charge developed
on oxygen atom of metal coordinated CO, (M-COQO) complex is stabilized by the
electrostatic interaction with the adjacent Lewis acid metal (Fe®*) as well as hydrogen (H)
bonding between surrounding H donor (His residue). In a subsequent step, the coupled
proton transfer from the network of H-bonding allows the further transfer of electron
density from the metal center to the n* orbital of CO, in M-COO complex that finally

results in the formation of metal carboxylate (M-COOH) intermediate. A further transfer

Ni2*—C00O"

2+ < o
Ni"+ CO 7‘ Ni COOH
H,0

NiZ—2 e NP2

Figure 4-14: Simplified mechanism of Ni-Fe CO dehydrogenase. The additions of 2e-
to the active site reduces Ni2+ to NiO to which linear CO, molecule binds and gets
activated as evident by the decrease of bond angle and the increase of C-O bond length
represented by [Ni?*~COOT in the graphic. Lewis acid metal center (Fe*) of the active
site and the first sphere protonated histidine stabilizes the charge developed on
[Ni**~COO] species. The transfer of H* from histidine yields Ni**~COOH species which
is further protonated to cleave C-O bond and releases H,O and CO molecule.

of one more H" to the metal carboxylate intermediate cleave C-O bond with the release of
CO and H,0 as the product.** Such PCET mechanism using a reduced metal center for

the reduction of CO,to CO is very efficient in increasing both catalytic selectivity and

frequency.® However, for nitrogenase, such a mechanism is very likely. Recent findings
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have demonstrated that the transfer of H' is so efficiently coupled with the e transfer that
even at cryogenic temperature (77 K) they occur in a concerted manner.” This implies
that when 2[e”/H"] are added to the FeMo-co, rapid protonation of the metal center occurs
to form metal hydride instead of reduced metal center. Consequently, for reactions that
involve concerted 2[e/H"] transfer; nitrogenase preferentially uses the hydride rather than
the metal as nucleophile. This feature of nitrogenase is well evident in products profile
when compared to CO-dehydrogenase or Ni-cyclam. Both CO dehydrogenase and Ni-
cyclam shows high catalytic selectivity for CO formation with only a trace of electrons
diverted toward formate or H, formation.* In contrast, less CO but more H, and formate
are observed for nitrogenase catalysis: - an attribute of hydride participation.®

Metal hydrides are involved in varieties of reaction, namely hydride transfer,

proton transfer and hydrogen atom transfer.>

M-H—M + H* Proton transfer
M-H—-M" + H’ Hydride transfer
M-H—M- + H- H atom transfer

Unique structural and electronic properties of the hydride formed on the FeMo-co allow
it to involve in multiple classes of reaction. The hydride formed on the FeMo-co are
bridging hydride (Fe-H-Fe) and natural bond orbital (NBO) analysis on these bridging
hydrides shows that the electron density is shared equally between Fe and H atom with
only a small polarization of Fe-H bond as expected from the difference in

electronegativity of Fe and H atoms. Therefore, Fe-H-Fe can be formally characterized as
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a covalent bond. The presence of such bridging hydride increases the back donation from
the metal core of the FeMo-co and allows initial binding of CO, through C atom. Binding
of CO,to the Fe core of the FeMo-co involves transfer of the electron density from the
filled d orbital of the Fe core to the n* of CO,. Transfer of a H" from the protonated
sulfide to the oxygen atom of metal bound CO, stabilizes charge transfer to CO, and
results in the formation of metal carboxylate intermediate (M-COOH). M-COOH
represents a state where CO, has accepted two electrons from FeMo-co. At this stage, the
FeMo-co is electron deficient and, therefore, accepts the electron density from Fe-H-Fe
bond that allows the associated hydride to act as proton in a mechanism known as the
reductive elimination. The transfer of H" from the bridging hydride to the protonate
hydroxyl functional group of M-COOH causes C-O bond cleavage and results in the
formation of CO as shown in Figure 4-5.'

DFT calculations on the pathway leading to CO formation reveal that the
energetics of the intermediates is uphill up to the formation of M-COOH. This means that
one of the multiple steps involved between the bindings of CO,; to the formation of M-
COOH governs the rate of catalysis. A normal kinetic isotope effect on the protonation of
metal hydride (M-H) to form H,/D, would increase the collision frequency of metal
deuteride (M-D) with CO, relative to M-H. In addition, the proposed mechanism involves
the transfer of the proton from —SH to oxygen of the CO,. Physical measurement of the
fractionation factor for thiol have shown an inverse fractionation factor ranging from @~
= 0.4 to 0.6.% Therefore, the transfer of deuteride (D) from —SD to the oxygen atom of

the CO, is thermodynamically favored over the transfer of H® from —SH. This
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cumulative effect of stability of M-D against protonolysis and the presence of inverse
fractionation factor for thiol explain the observation of solvent inverse isotope effect
(slIE) for the formation of CO (Figure 4-6). A similar slIE for CO formation has been
reported for vanadium nitrogenase which suggests that both molybdenum and vanadium
nitrogenase uses the similar mechanism for the activation of CO, toward the CO
formation. An interesting feature of this sIIE is the dependence of its magnitude on
electron flux defined as the ratio of Fe protein to MoFe protein at a fixed CO,
concentration (Figure 4-S3). The rate of CO formation is low at lower flux but the
magnitude of slIE is at maximum, which suggests that sIIE is revealed to the maximum
magnitude under the condition when the CO, reduction becomes extremely difficult. At
electron flux of 2:1 (Fe protein:MoFe protein), the magnitude of SIKE is ~5. Given that
the KIE for protonation of M-H is ~4, the proposed mechanism would predict a sIIE > 4.
The true slIE cannot be measured in this study but nonetheless, the observed slIE of ~5

undoubtedly supports the proposed mechanism.
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The other possibility of the formation of CO is through the isomerization of metal
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formate complex (M-OCHO) that is unlikely because of the thermodynamic and the
kinetic factor.*® The first requirement for this process is the breakage of C-H bond of
formate which can occur through two different mechanisms (Chart 1).

The first pathway involves the transfer of a hydride from formate to the FeMo-co
that is thermodynamically unfavorable (AG°® = +24 kCal/mol). The other pathway
involves the breakage of C-H bond of formate through oxidative addition to the reduced
Fe atom of FeMo-co. But, given the concerted protonation of FeMo-co with the transfer
of electron at 77 K, it is unlikely that formate can compete against the protonation of
reduced metal to favor the oxidative addition at room temperature. Hence, it is logical to
conclude that the formation of CO occurs through the direct reduction of CO, rather than

the reduction of CO, to formate followed by the isomerization of formate to CO.

Chart 2
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Having CO as an intermediate in the reduction pathway has a Kinetic
consequence. CO is a stable molecule with bond dissociation energy of about 1075
kJ/mol. Thus, activation of CO involves a significant barrier. Studies on model
complexes show two different mechanisms for the reduction of CO to formyl (Chart 2).

The first is the migratory insertion in which the binding of CO to metal center is followed
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by the transfer of hydride to the C atom.? The other possibility is the proton coupled
electron transfer mechanism (PCET), a mechanism observed for rhodium catalyst where
electrons are donated through a reduced metal atom and a proton through a donor.**
Computational studies on these two pathways suggest that the hydride transfer is favored
over PCET to hydrogenate CO to formyl species.*’

Studies on numerous n*-C formyl complexes (M-CHO) shows that, because of the
thermodynamic stability of M-CO, n'-C formyl are very strong hydride donor.”® This
suggests that the activation of CO to formyl possibly involves an equilibrium process (M-
H + CO— M-CHO) and the equilibrium constant for this step favors the reverse
direction. Indeed, the formation of CO formed during the formic hydrazide turnover
corroborates such a reverse favored equilibrium. The loading of formyl group to the
FeMo-co during formic hydrazide turnover creates a n'-C bound metal formyl species
that transfers hydride back to the FeMo-co and generates CO as a thermodynamic
product. Similarly, the forward reaction of this equilibrium is a second order reaction and,
therefore, depends on the concentration of M-H and CO. This is in consistent with the
increase of CH, formation with increasing CO concentration (Figure 4-11) , the lag
phase needed to accumulate CO during CO; reduction(Figure 4-1) and the increase of
CH, with increasing electron flow. All these factors push the equilibrium in the forward
direction toward the formation of formyl. Besides the formation of the CO, the formyl
intermediate also accepts further 6[e /H"] and forms CHj,. The electronics of the FeMo-co
determines if the formyl relaxes to CO or proceeds to CH4. Increasing electron flux

through MoFe protein by increasing Fe protein to MoFe protein ratio increases the
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probability of electron density on the FeMo-co. The electron rich FeMo-co thwarts the
relaxation of formyl to CO but favors the formation of reducing equivalents on FeMo-co
and facilitates the reduction of formyl toward CHj,. Interestingly, all MoFe proteins are
able to reduce CO; to CO and formyl to CH,4 (Figure 4-10, 4-11, 4-12) but only o-
70"%/0-195°" MoFe protein is able to reduce CO, to CH,. This suggests that for other
MoFe proteins either the kinetic barrier to form formyl is high or the equilibrium hugely
favors CO. The observation of 1680 cm™ band, assigned as formyl, in FT-IR spectrum
for the CO turnover samples with wild type nitrogenase rules out the first possibility.*
The observation of formyl signature in the IR spectrum indicates that all MoFe proteins
activate CO to the formyl state but lacks the factor to stabilize it. This causes rapid
relaxation of the formyl to the CO state. Hence, the reduction of CO, to CHy is controlled
by the thermodynamic factor (the stabilization of formyl state) rather than kinetic (the

formation of formyl).

NoH2, NoHy,
NO,",NH,OH
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Figure 4-15: Mechanism of N, reduction and convergence of different reduction
pathways by nitrogenase. As proposed and established, N is activated and committed
to reduction through a Kkinetically and thermodynamically reversible reductive
elimination (re)/oxidative addition (oa) mechanism. The further addition of e /H" reduces
the diazene like species M-(2N2H) to the “H” and “I” species. The “H” and “I” species
are trapped and characterized during the turnover in presence of diazene (N:H>),
hydrazine (N2H,), nitrite (NO;) and hydroxylamine (NH,OH). This establishes the
convergence of different reduction pathways for nitrogenase.
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One of the features for nitrogenase catalysis is the convergence of different
reduction pathways to a common intermediate as observed for nitrogen containing
substrates (Figure 4-15).*4%

A similar feature also exists for C containing substrates. Nitrogenase uses
different mechanisms for activation of different C containing substrates (CO,, CO,
HCONHNH;, and HCN) but “funnels” the different pathways into a common
intermediate (Figure 4-16). One of the common intermediates is metal alkyl (M-CHs)
which is intercepted by acetylene to form propylene.

Based on the literature, two possible mechanisms are likely for the formation of
the C-C bond. One is the migratory insertion (mi) of acetylene to metal alkyl species (M-
CHp3) and the other is the reduction of acetylene to metal alkenyl species (M-C,Hs) which

then undergo reductive elimination (re) with metal alkyl (M-CHj3) to form the propylene

(Chart 3).
Chart 3
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According to the mi mechanism, the formation of propylene broadly depends on

the concentration of metal alkyl species (M-CHs3) as well as the activation energy (Eact)

associated with the transfer of the alkyl group to the metal n-coordinated acetylene. The
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Eactis substrate independent and, therefore, according to the mi mechanism the formation

of propylene only depends on the concentration of M-CHg; formed.
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Figure 4-16: Proposed mechanism of CO; reduction to CH, and the formation of the
C-C bond. The 2[e/H"] reduction of CO, to CO is followed by the migratory insertion of
CO into metal hydride to form formyl intermediate. The formyl intermediate can either
relax back to the CO or commit to further reduction by the addition of [e/H"]. Metal
alkyl (M-CHjs) is a proposed intermediate that most likely couples with acetylene to form
propylene.
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Hence, the prediction would be an increase in the formation of propylene with an
increase of the concentration of M-CHs. In contrast to this prediction, even though
reduction of HCN is ~450 folds higher as compared to CO, that in turn corresponds to
~450 folds more M-CHj3 formed, there is only a marginal increase in propylene formation
(Figure 4-SI Table 1). This suggests that mi mechanism is not operative for the
formation of the C-C bond.

On the other hand, the re mechanism requires the co-existence of metal alkyl (M-
CHs) and metal alkenyl (M-C,Hz3) on the FeMo-co. This introduces additional constrains
for the formation of propylene besides the concentration of M-CHj3 and Eq as required
the mi mechanism. The co-existence of metal alkyl (M-CHs) and metal alkenyl (M-C;H3)
is affected by many other factors including the concentration of substrates, kinetic barrier
associated with substrate reduction, and electron flux through MoFe protein. Thus, re
mechanism explains why the formation of propylene is minimal even the formation of M-

CH3 species is enhanced by ~450 folds.
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The re mechanism is not uncommon for the release of C product during
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nitrogenase catalysis. As explained elsewhere when turnover is carried out in presence of
N./D,/C;H,, di-deuterated ethylene (C,H,D,) is formed which unequivocally confirms
the release of ethylene by re mechanism.®® In addition, the trapped species under
acetylene turnover is also proposed to form through re mechanism (Chart 4).%

Therefore, the C-C bond formation must likely involve the reductive elimination

of co-existed metal alkyl and metal alkenyl species from the FeMo-co.

Conclusion:

Nitrogenase catalyzed reduction of CO, to CH, proceed via. CO pathway.
Consistent with the proposed mechanism, the reduction of CO, to CO involves the metal
hydride to facilitate the binding of CO, and the transfer of 2 electrons equivalence
through an unfavorable mechanism that involves the deprotonation of metal hydride. The
accumulated CO is activated to the formyl intermediate through a reversible hydride
transfer mechanism with the equilibrium constant favoring the reverse direction (CO
state). Kinetic studies suggest that the stabilization of the transition state during the
formation of formyl is the rate determining step in the overall reduction of CO,to CHj.
The details of the mechanism for the reduction of formyl to CH,4 are unknown but data
suggest that all these steps should be a downhill process and cannot be the rate-
determining step for the reduction of CO, to CH,4. Finally, analogous to the reduction of
nitrogen containing substrates, nitrogenase uses different mechanisms for the activation
of carbon containing molecules but ultimately converge the different reduction pathways

into a common intermediate.
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APPENDIX

SUPPLEMENTARY INFORMATION

PATHWAY OF CO, REDUCTION TO CH4 AND C-C BOND FORMATION

CATALYZED BY NITROGENASE
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Figure 4-S1: a-70"%/a-195°"" MoFe protein catalyzed time dependent CO, reduction
to CO formation and CO to CHj. (A) Showing the time dependent CO formation
during CO; reduction. No lag phase is observed for CO formation. (B) Monitoring CO
reduction to CH, at approximately the same concentration (1.3 uM) produced in solution
during 1 min of lag phase during CO, reduction to CH4. Assay conditions:- 0.45 atm
COg,, 0.002 atm CO, 2.1 uM MokFe protein and 51.4 uM Fe protein.
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Figure 4-S2: Test if metal formate (M-(OCOH)) isomerizes to yield CO. Hemoglobin
assay was used to measure the formation of CO during turnover under CO, and HCOO'.
No CO was detected using HCOO™ as substrate. CO formation occurs through CO,
reduction and not through isomerization of metal bound HCOQO'. Assay conditions:- 0.45
atm CO,, 70 MM HCOO", 0.3 mg/mL Hb, 2.1 pM MoFe protein and 51.4 uM Fe protein.
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Figure 4-S3: Ratio of stead}/ state of CO formation in H,O and D,O during CO;
reduction by a-70"'%a-195°" MoFe protein. Replotting the data as shown in Fig. 3.
The inverse isotopic effect in the formation of CO increases with lowering the flux and
reaches the maximum of 5 folds at the low flux tested.
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Figure 4-S4: Test of solvent isotope effect for the rate of CO binding and change of
molar extinction coefficient of CO-Hb complex. (A) The rate of CO binding to
Hemoglobin as well as the amplitude did not differ significantly in H,O and D,O. (B)
The plot of the absorbance at 418 nm using different partial pressure of CO. Conditions:
100 mM MOPS pH=7.2 (pD=7.2 or 6.8 on the pH meter scale), 0.45 atm CO, and the
other components of the assay buffer stated above except MoFe and Fe protein.
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Fi%ure 4-S6: Catalytic reduction of formic hydrazide (HCONHNH,) to CH,4 by a-
70™%/-195°"" MoFe protein. The formation of CH, is observed only when the full
components needed for nitrogenase turnover and formic hydrazide are present. Assay
condition: 50 mM formic hydrazide, 2.1 M MoFe protein, and 51.4 uM Fe protein.
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by a-

2/6-195°"" MoFe protein. The formation of CH, is dependent on formic hydrazide
concentration. Fitting the data to Michaelis-Menten equation gave a Vmax 0f 1.68 nmol
CHa/nmol MoFe protein/min and K of 0.98 mM. Assay condition: 50 mM formic
hydrazide, 2.1 uM MoFe protein, and 51.4 uM Fe protein.
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Figure 4-S8: Formation of CO during formic hydrazide turnover with a-70"%/q-
195%"" MoFe protein. The formation of CO is monitored using Hemoglobin assay. The
increase of absorbance at 418 nm confirmed the formation of CO during formic
hydrazide turnover. Lack of ATP or formic hydrazide in the reaction buffer did not show
any formation of CO. Assay condition: 50 mM formic hydrazide, 0.3 mg/mL
Hemaoglobin, 2.1 uM MoFe protein, and 4.2 uM Fe protein.



Table 4-S1: Formation of propylene with various substrates.
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MoFe Flux [MoFe | Solvent Substrate Methane/ Propylene/MoFe
protein protein]:[Fe MoFe protein | protein

protein] (nmol/nmol) | (hmol/nmol)
V70A 1:4 H,0 0.4atm CO, | 1.05+0.071 0.94+0.03
H195Q
V70A 1:4 H,0 0.005atm 2.65+0.13 5.98+0.10
H195Q CO
V70A 1:4 H,0 5mM 44915 .4 3.12+0.06
H195Q HCN/CN’
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CHAPTER 5
REVERSIBLE PHOTOINDUCED REDUCTIVE ELIMINATION OF H2 FROM THE

NITROGENASE DIHYDRIDE STATE, THE E4(4H) JANUS INTERMEDIATE

ABSTRACT

We recently demonstrated that N, reduction by nitrogenase involves the
obligatory release of one H;, per N, reduced. These studies focused on the E4(4H) ‘Janus
intermediate’, which has accumulated four reducing equivalents as two [Fe-H-Fe]
bridging hydrides. E4(4H) is poised to bind and reduce N, through reductive elimination
(re) of the two hydrides as H,, coupled to the binding/reduction of N,. To obtain atomic-
level details of the re activation process, we carried out in situ 450 nm photolysis of
E4(4H) in an EPR cavity at temperatures below 20 K. ENDOR and EPR measurements
show that photolysis generates a new FeMo-co state, denoted E4(2H)*, through the
photoinduced re of the two bridging hydrides of E4(4H) as H,. During cryoannealing at
temperatures above 175 K, E4(2H)* reverts to E4(4H) through the oxidative addition (oa)
of the H,. The photolysis quantum yield is temperature invariant at liquid helium
temperatures and shows a rather large Kkinetic isotope effect, KIE = 10. These
observations imply that photoinduced release of H, involves a barrier to the combination
of the two nascent H atoms, in contrast to a barrier less process for mono-metallic
inorganic complexes, and further suggest that H, formation involves nuclear tunneling

through that barrier. The oa recombination of E4(2H)* with the liberated H, offers

*Coauthored by Dmitriy Lukoyanov, Nimesh Khadka, Zhi-Yong Yang, Dennis R. Dean, Lance C.
Seefeldt, Brian M. Hoffman (2016) JACS 138 (4), 1320-1327. Copyright © [2016] American Chemical
Society. Reprinted with permission.
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compelling evidence for the Janus intermediate as the point at which H; is necessarily
lost during Ny reduction; this mechanistically coupled loss must be gated by N, addition
that drives the re/oa equilibrium toward reductive elimination of H, with N;
binding/reduction.

Introduction

Biological nitrogen fixation — the reduction of N, to two NH3; molecules — is
primarily catalyzed by the Mo-dependent nitrogenase. This enzyme comprises two
component proteins, denoted the Fe protein and the MoFe protein. The former delivers
electrons one-at-a-time to the MoFe protein, where they are utilized at the active site
iron-molybdenum cofactor ([7Fe-9S-Mo-C-R-homocitrate]; FeMo-co), Figure 5-1, to

reduce substrate.'?

Figure 5-1: Crystal structure of FeMo-co. Fe is show in rust, Mo in magenta, S in
yellow, carbide in dark-grey, carbon in gray, N in blue and O in red. The Fe atoms of
catalytic 4Fe-4S face are labelled as 2, 3, 6, and 7. Two amino acids, o-70"® and a-195",
around the FeMo-co are also shown; the former or both are modified in enzyme used in
this study (see text). The image was created using PDB coordinate 2AFI.

Kinetic studies of N, reduction by nitrogenase, carried out in the 1970’s and

1980’s by many groups, especially by Lowe and Thorneley and their coworkers,
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culminated in the Lowe-Thorneley (LT) kinetic model for nitrogenase function.>** It
describes the kinetics of transformations among catalytic intermediates, denoted E,, where
n is the number of electron/proton deliveries to the catalytic FeMo-co, with electron
transfer from the partner Fe protein in each of these steps being driven by the binding and
hydrolysis of two MgATP within the Fe protein.> A central defining feature of this
scheme is a mysterious and puzzling, obligatory (mechanistic) requirement for the

formation of one H, for each N, reduced. This, in turn, leads to a limiting enzymatic

stoichiometry for enzyme-catalyzed nitrogen fixation, given by eqgn 5-1,

N, + 8¢ +16ATP + 8H" — 2NH; + H, + 16ADP + 16P; (5-1)

a conclusion in agreement with stoichiometric experiments by Simpson and Burris.®
However, obligatory requirement for H, formation has not been universally accepted.’
Most tellingly, in their magisterial review, Burgess and Lowe themselves questioned this
requirement: “Thus the data that support the obligatory evolution of one H, for every N
reduced are much less compelling than the data that require us to believe that some H,
will always be evolved during N; reduction.”

We recently proposed®® that obligatory H, formation was required to explain the
multitude of mechanistic observations by numerous investigators that had accumulated
over decades.” This proposal focuses on the E4(4H) ‘Janus intermediate’ (See Figure 5-2
for notation), which has accumulated four of the eight required reducing equivalents,

storing them as two [Fe-H-Fe] bridging hydrides.***2
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E,(4H) Es E,(2N2H)
Fe—>~Fe N, H Fe—S—Fe
s< : >SH+~L—L‘ s< 2N2H /s

] re/oa
Fe<:'>Fe Fé\s/“Fe

Figure 5-2: Schematic of re/oa Equilibrium. The cartoon represents the Fe 2,3,6,7 face
of FeMo-co, and the ‘2N2H’ implies a species at the diazene reduction level of unknown
structure and coordination geometry. In the indicated equilibrium the binding and
activation of N is mechanistically coupled to the re of H,, as described in the text. In the
E, notation, n = number of [e/H'] added to FeMo-co; parenthesis denotes the
stoichiometry of H/N bound to FeMo-co.

E4(4H) sits at a transition in the N, reduction pathway, poised to ‘fall back’ to Eg
by release of two H,, but equally poised to bind and reduce N, through the accumulation
of four more equivalents, hence the appellation.’ The bridging mode of hydride binding
plays a key mechanistic role. Bridging hydrides are less susceptible to protonation than
terminal hydrides, and so they diminish the tendency of FeMo-co to ‘fall back’ by losing
reducing equivalents through the formation of H,. However, the bridging mode also

1314 How this ‘deactivated’

lowers hydride reactivity, relative to that of terminal hydrides.
intermediate becomes activated through the release of H, coupled to N, binding forms
part of the ‘mystery’ of dinitrogen fixation by nitrogenase.

We proposed that the E4(4H) state becomes activated for the binding of N, and its

hydrogenation to a N,H,-level moiety through the reductive elimination (re) of the two

hydrides as H,, the forward direction of the equilibrium in Figure 5-2.%° This proposal
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was initially supported®® by showing that the behavior of nitrogenase during the reverse
of this equilibrium, the oxidative addition (oa) of H, with loss of N, explains the key
constraints on nitrogenase mechanism that had been revealed over the years.' In
particular it explains the previously baffling observation that D, can only react with
nitrogenase during turnover with N, present, and then is stoichiometrically reduced to
two HD.' Promptly thereafter we confirmed the mechanistic prediction that during
turnover under N,/D,, the reverse of the equilibrium of Figure 5-2, the oa of D, by the
E4(2N2H) intermediate with the loss of N,, must generate the E4(2D2H) isotopologue
with D, having been converted selectively into two bridging deuterides, a state which
could form in no other way.® This observation established the re/oa equilibrium is
thermodynamically reversible. More recently, we demonstrated that the (re/oa) activation
equilibrium of Figure 5-2 is not only thermodynamically, but also kinetically reversible.
The overall result of these several findings is to establish the mechanistic requirement for
the formation of one H, per N,. This in turn implies the limiting stoichiometry of eight
electrons/protons for the reduction of N to two NHs (eq 5-1).*°

But these efforts, while establishing the re/oa mechanism for nitrogenase
activation, do not provide atomic-level details of the re activation process. For example,
in rough analogy to nucleophilic substitution in organic chemistry, we can imagine a
spectrum of reaction pathways for re/oa, as illustrated in Figure 5-3: Is the conversion
concerted? associative? dissociative? If a discrete intermediate (e.g. Y, or Z) exists, what
are its properties?

To obtain atomic-level details of the re activation process requires deeper
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understanding of the inorganic chemistry of the bridging hydrides of E4(4H): what are
their properties and what properties do they confer on this enzyme state? We here present
the initial results of a photochemical approach inspired by the properties of inorganic

dihydride complexes.

a N2 H2 N

E,(4H) — E,(2N2H
/Fe/S>F§ N, H, Fe—S—Fe
s e Y e s
\ H / Associative
Fe\SH+/Fe H2 N2 Fe\S/Fe
2?2, L

\_ Dissociative )

Figure 5-3: Schematic of alternative limiting mechanisms for re/oa equilibrium.

The photolysis of transition metal dihydride complexes with mutually cis hydride
ligands commonly results in the release of H,'"? % As noted by Perutz,*” “The
photochemical reaction causes a reduction in oxidation state of two and is a typical
example of reductive elimination. The reverse reaction will usually proceed thermally
and is the prototype example of an oxidative addition reaction.” Regardless of the precise
nature of the thermal re/oa equilibrium process in nitrogenase, Figure 5-2, photo-induced
re would cleanly give an activated version of the doubly reduced E,(2H) intermediate,
which we denote E4(2H)*, that would be analogous to the intermediate that would form
upon thermal dissociative re loss of H, prior to N, binding (Z; Figure 5-3). Our cartoon

depictions of E4(4H) frequently have shown the two [Fe-H-Fe] hydrides with a common
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vertex, Chart 1, in order to emphasize the analogy between re of H, by mononuclear
metal di-hydrides, and the activation of FeMo-co through re of Hs.

However, we do not yet know their exact disposition, and know of no precedent
for re, either thermal or photochemical, for the ‘parallel’ hydrides drawn in the cartoon,

Figure 5-2, a geometry that is suggested by preliminary DFT computations.?” On the

Chart 1 E4(4H )

other hand, no inorganic multimetallic dihydride of which we are aware exhibits a 4Fe
‘face’, as does FeMo-co, and therefore none could have the adjacent, parallel hydrides
drawn in the cartoon. Thus, photolysis of the Janus E4(4H) intermediate embeds FeMo-co

even more deeply within the body of organometallic chemistry, yet breaks new ground.

Materials and Methods

Materials and Protein purifications: All the reagents were obtained from SigmaAldrich
(St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and were used without further
purification. Argon, N, and acetylene gases were purchased from Air Liquide America
Specialty Gases LLC (Plumsteadville, PA).

0Val—>Ile

Remodeling the active site of MoFe protein by the a-7 mutation permits

the freeze trapping of MoFe with high populations of E4(4H)."® Experiments were carried
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out both with the singly substituted, a-70"® MoFe protein and with the doubly-substituted
0-70"1/-195"576" MoFe proteins. As shown in Table 5-S1, this protein functions
similarly to the single mutant. The two proteins were obtained from the corresponding
Azotobacter vinelandii strains. They were grown, and the corresponding nitrogenase
MoFe proteins were expressed and purified as described elsewhere.?® The handling of all
buffers and proteins were done anaerobically under Ar atmosphere or under Schlenk
vacuum line unless stated otherwise.

EPR and ENDOR samples: The E4(4H) intermediate and its deuterated analogue, E4(4D),
are prepared by turnover of the MoFe protein in H,O and D,O buffers, respectively.
Depending on the buffer used, all exchangeable sites are thereby populated with H or D,
not only the hydride bridges. Thus, measured Kinetic isotope effects associated with re

and oa steps of the equilibrium of Figure 5-2%°°

are a composite of primary isotope
effects associated with hydride re or H, oa plus any, smaller, solvent isotope effects.

EPR samples were prepared in a dioxygen free buffer containing a MgATP
regeneration system with final concentrations of 13 mM ATP, 15 mM MgCl,, 20 mM
phosphocreatine, 2.0 mg/mL bovine serum albumin, and 0.3 mg/ mL phosphocreatine
kinase in a 200 mM MOPS buffer at pH 7.3 (H,O buffer) or pD=7.3 (D,0O buffer; pH
meter reading of 6.9)*! with 50 mM dithionite. MoFe protein was added at ~50 puM final
concentration and the reaction was initiated by addition of Fe protein at ~36 uM
concentration. The reaction was allowed to run at room temperature under Ar atmosphere

for 20-25 s before freeze-quenching the samples. The samples for ENDOR experiments

were prepared similarly, but typically with three-fold higher concentrations.
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EPR and ENDOR Measurements: X-band EPR spectra were recorded on a Bruker ESP
300 spectrometer equipped with an Oxford Instruments ESR 900 continuous He flow
cryostat.

To allow illumination, a Bruker ER4104R cavity was employed. This cavity
allows front-face optical access through a waveguide beyond cutoff (microwave non-
transmitting) on the cavity front face, with a 4x10 mm optical transmission path. In situ
photolysis of a sample held within the cryostat at the chosen temperature initially
employed a 15 mW blue LED inserted into this illumination port. Subsequently it
employed a Thorlabs Inc (Newton, New Jersey) PL450B, 450 nm, 80 mW Osram Laser
Diode mounted on the port through use of the corresponding diode mount with focusing
lenses. Thermal relaxation was monitored by the step-annealing procedure in which the
sample was quickly warmed to a desired temperature, held there for a fixed time, then
promptly returned to 77K, and then examined by EPR at a still lower temperature.

Q-band CW EPR and “?H ENDOR spectra were collected on a spectrometer with
a helium immersion Dewar as previously reported.** The stochastic field-modulation
detected ENDOR technique, first reported by Brueggeman and Niklas,** was also
utilized. In the stochastic ENDOR sequence, RF is randomly hopped over the frequency
range of the spectrum, with subtraction of a background signal (RF off) at each
frequency. All measurements were done at 2 K. As desired, Q-band samples were
photolyzed by placing them in liquid nitrogen in an X-band finger Dewar and
illuminating them with a 1000 mW blue LED. The samples were then transferred to a

liquid helium cryostat for EPR/ENDOR study.
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Results and Discussion
Figures 5-4 and 5-S1 present X-band and Fig 5-S2 Q-band EPR spectra of the S
= % E4(4H) intermediate freeze-trapped during turnover of MoFe protein that was

0Val=Te gypstitution: similar results are seen for MoFe with the

remodeled with the a-7
double substitution, a-70¥*7" -194"5~C (Figure 5-1). Both single and double
substitutions prevent access of substrates other than protons without perturbing FeMo-co
function (Table 5-S1), and enhance the accumulation of E4(4H).***2

Figure 5-4 includes spectra collected during in situ photolysis with 450 nm light
with the sample held at 12 K; equivalent spectra are obtained by photolysis at 77 K (e.g.,
Figure 5-S2). Although it has not yet proven possible to create optically transparent
freeze-quenched samples of this intermediate, the figures show that irradiation
nonetheless causes the progressive loss of the E4(4H) signal, g = [2.15, 2.007, 1.965],
and accompanying appearance of a new signal, S, with g = [2.098, 2.0, 1.956]. EPR
spectra collected over temperatures between 12 K and 50 K (Figure 5-S1) show the
E4(4H) signal disappears by ~ 40-50 K because of rapid spin relaxation, whereas for S,
the EPR signal is clearly visible at 50 K, demonstrating differences between excited spin-
state manifolds of S and E4(4H).

Careful examination of the timecourse of photolysis shows no new signals that are
generated, other than S. In particular, Figures 5-4, 5-S1, 5-S2 show no other photo-
induced change in the spectrum in the vicinity of g ~ 2; likewise, there is no change at

lower fields (not shown), where the signal from residual resting state (Eq) appears and

where signals would appear from the state which has accumulated two [e/H*] (E2(2H)).*
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The photolysis product, S, completely relaxes back to E4(4H) when annealed for 2
minutes at 217 K, with no other change in the EPR spectrum, either in the g ~ 2 region,
Figure 5-4, or the high-g (low-field) region (not shown). Thus, photolysis/annealing

cause the reversible, and kinetically direct, conversion, E4(4H) < S.

2150 2,007 1.965 E,(4H)
1T 1

2098 2000 1956 &
T 1

E.(4H)

Reduced
450 nm Fe protein

450 nmI ﬁl’Hl

2800 3000 3200 3400 3600 3800 4000
Magnetic Field (G)

Figure 5-4: X-band EPR spectra of MoFe protein (0-70") freeze-trapped during Ar
turnover in H,O before (black) and during irradiation with 450 nm diode laser at 12
K (blue (2.5 min) and red (20 min) traces); Red arrows highlight the conversion of
E4(4H) to the photoinduced S state. Dashed Green spectrum shows that annealing
(Ann) the illuminated sample at 217 K for 2 minutes causes complete reversion of S to
E4(4H). EPR conditions: T = 12 K; microwave frequency, 9.36 GHz; microwave power,
10 mW; modulation amplitude, 13 G; time constant, 160 ms; field sweep speed, 20 G/s.

'H ENDOR spectroscopy was used to determine the fate of the [Fe-H-Fe]
bridging hydrides during the photolytic E4(4H) = S conversion. Figure 5-5 shows 2 K
Q-band stochastic CW *H ENDOR spectra collected at two different g-values from
E4(4H) before and after photolysis; Figure 5-S2 presents corresponding ‘conventional’

CW spectra. In both figures, the spectra represent components of the 2D field-frequency

pattern of spectra collected across the EPR envelope, which has been thoroughly
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analyzed in terms of two hydrides with anisotropic hyperfine tensor components that are
virtually identical, but with tensors that are differently oriented with respect to g.*° In the
g = 2.01 spectrum of E4(4H) in Figure 5-5, the strongly-coupled *H signals from the two
hydrides (A < 40 MHz) are completely overlapped; at g = 2.00, the signals again overlap,
but distinct peaks also are seen from the individual hydrides, most noticeably the two

doublets with couplings of A ~ 22 and 28 MHz.*° *

A~ 24 MHz
H1 + H2

g=2.01

(28.4 MHz)

2.00
MSM:\T/\PJK‘M

W
0

10.5 MHz

-2 -10

v-v(' H) (MHZ)

Figure 5-5: Q-band stochastic 'H CW ENDOR spectra showing loss of signals from
hydrides, H1 and H2, through photolysis. (Black) Before and (red) after 450 nm
photolysis of MoFe protein (a-70"%/a-195°") trapped during Ar turnover in H,O
buffer. ENDOR conditions: microwave frequency, ~34.99 GHz; modulation amplitude,
6.3 G; RF duration 3 ms; RF cycle, 200 Hz; bandwidth of RF broadened to 100 kHz;
2000 scans; temperature, 2 K.

For the sample that gave the ENDOR spectra in Figure 5-5, the photolysis had

reduced the intensity of the E4(4H) EPR signal by ~ threefold, with the corresponding
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appearance of EPR intensity from S. Figure 5-5 shows that the photolysis decreases the
intensity of the H ENDOR signals from the strongly-coupled hydrides by a comparable
amount, without the appearance of new strongly-coupled signals that can be associated
with a metal-hydride ‘isomer’. At g = 2.01 no new signal appears; at g = 2.0 a signal
appears with the relatively small coupling, A ~ 10 MHz, which likely is associated with
one of the protonated sulfides that must be present in S. CW ENDOR spectra taken on a
sample with an even greater extent of photolysis show essentially complete loss of the
ENDOR signals at a field where the two hydrides show distinct features (Figure 5-S2).
Correspondingly, ?H ENDOR measurements of S created by photolysis of E(4D)
prepared in D,O buffer show the loss of the [Fe-D-Fe] signals associated with E4(4D),
again with no new strongly-coupled signal appearing (not shown).

The absence of new strongly-coupled signals in the “?H ENDOR responses
further rules out the possibility that S is an H, complex of FeMo-co, either with strongly-
hindered or free rotation of Hy, rather than having released H,. A bound H, complex with
strongly hindered rotation would show new strongly-coupled *H ENDOR signals,
contrary to observation.®® Quantum statistical arguments show that freely rotating Ho,
which can occur even at 2 K, would not show *H ENDOR signals, but would show new
strongly-coupled ?H ENDOR signals for the corresponding D,O sample.®” The absence of
such new signals for S means that it does not contain a freely-rotating bound D..

We thus infer that the state S generated by photolysis of E4(4H) has indeed lost
the metal-bound hydrides through the release of one or two H..

Mechanism of Photoconversion: Three mechanisms must be considered for the
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E4(4H) = S photo-conversion through loss of both hydrides and release of H,, Figure 5-

6, which we denote, re, hp, and L.
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Figure 5-6: Alternative mechanisms for the E4(4H) = S photo-conversion through
loss of both hydrides and release of H, and thermal reverse.

The first would be precisely the photo-induced reductive-elimination of one H,, as
discussed above, yielding a non-thermal form of the doubly-reduced state of the cluster,
which we denote E4(2H)*. The second postulates two steps of photo-induced hydride
protonolysis (hp), each with loss of H,, in which case S must be a low-spin (S = %)
‘spin-isomer’ of the Eo, S = 3/2 resting state, which we can denote Eof. Thermal hp

processes are responsible for H, formation by nitrogenase,*®?

as well as by
hydrogenases.®**° The third mechanism differs from the other two in that it does not

involve generation of H,. Instead it would involve two steps of photo-induced re of a
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hydride, with transfer of the proton ‘released’ to a bridging sulfide. We denote this the ‘L
mechanism’ because it is inspired by the photoinduced conversion of the Ni-C state of the
Ni-Fe hydrogenases.®**° Ni-C exhibits a [Ni(ll1)-H-Fe(ll)] bridging hydride and a
cysteinyl thiolate bound to Ni. Photolysis generates a state, denoted Ni-L, which contains
[Ni(l), Fe(ll)] metal ions, and with the proton formed by photoinduced reductive
elimination of the hydride having been transferred to the bound sulfur. Any one of these
three imagined processes would yield a final photoproduct without metal hydrides.

The observation that S thermally relaxes to E4(4H) immediately rules out the hp
mechanism for photo-induced E4(4H) = S conversion. This conversion would involve
the loss of four reducing equivalents as two H, molecules, and its reverse must involve
two steps of reduction of FeMo-co by Hy: Eq' + Ho = Ex(2H); Ex(2H) + Ho = E4(4H).
However, it is one of the foundational facts about nitrogenase mechanism that H, cannot
react with any thermally generated state of FeMo-co except the N,-bound state produced
by re of Hy; as we have explained, the reactions are uphill by ~ 30 kcal/mol.2 Even if the
Eo" photo-generated spin isomer were sufficiently activated as to react with Ho, the first
step of reduction would necessarily produce the thermally equilibrated E>(2H), which
could not react with H,: hence E44H) could not be regenerated from S during
cryoannealing.

The complete absence during photolysis of a second new EPR signal in addition
to S (see above) in fact not only independently rules out hp, but also rules out L. Both
mechanisms involve sequential steps of photon absorption. Under the constant low-level

illumination of this experiment this necessarily implies the buildup then loss of the EPR



180
signal from the intermediate stage that has absorbed one photon. Thus we conclude that
photolysis indeed generates a FeMo-co state, S = E4(2H)*, through the photoinduced
reductive elimination of the two bridging hydrides of E4(4H) with accompanying
production of one Hy, and that the relaxation of E4(2H)* to E4(4H) during cryoannealing

corresponds to the oxidative addition of H, to the photo-generated state, E4(2H)*.
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=
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Figure 5-7: Decay during 193 K annealing of E4(2H)* photoinduced in MoFe (a-
70") freeze-trapped during turnover in H,O (red) and D,O (blue), along with the
parallel recoveries of E4(4H). Data points obtained as intensities of g, feature of the
corresponding S=1/2 EPR signals, normalized to the maximum signal; they were fit with
an exponential function, with time constants shown in the figure. EPR conditions: as in
Figure 5-4.

Kinetics of H,/D, oa: To characterize the isotope dependence of the thermal oa
process, E4(2H)* + Hy, = E4(4H) versus E4(2D)* + D, = E4(4D),*****° we measured the
kinetics of the 193 K relaxation of E4(2H)* and E4(2D)* in samples prepared,

respectively, in H,O and D,O buffers. In these experiments the sample was annealed at

193 K for multiple time intervals, with cooling to 12 K for collection of EPR spectra
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between intervals. For both H,O and D,0 buffers the relaxation is well-modeled as a one-
step process, Figure 5-7. This is consistent with, but not proof of, the absence of an
intermediate state(s), for example an H, complex.*

With S in H,O buffer, the exponential decay time-constant is, t = 10 min; decay is
slowed in D,O buffer, to the decay time, t = 55 min. The E4(4H) state recovers in
synchrony with the loss of S, as the recovery also is exponential, and exhibits the same
time-constants, t = 9 min for H,O sample and t = 47 min for D,0. This kinetic isotope
effect during oa, KIE ~ 5.4, is larger than typical for closed-shell monometallic
complexes.*?** Combined with a strong temperature dependence in the time-constant (not
shown), this KIE implies that oa of H; involves traversal of an energy barrier associated
with H, binding and/or bond cleavage. The exponential decay of S and appearance of
E4(4H) suggest that in the frozen solution the H, formed by photoinduced re is trapped
adjacent to FeMo-co and undergoes oa ‘intramolecularly’, presumably in some part
because the incorporation of isoleucine over the active face of FeMo-co prevents H,
diffusion away. Indeed, although we presume that the relatively weakly coupled, but
clearly resolved *H ENDOR signal seen for S is associated with a sulfur-bound proton,
we cannot rule out the possibility that it comes from the H, trapped nearby.

KIE of photoinduced re: We know of only two studies of the KIE for

1** or negligible isotope effects.”* For

photoinduced re of H,/D,, and these found smal
completeness, we nonetheless used in situ photolysis to compare the time-dependent loss

of the E4(4H) and corresponding E4(4D) signals as a function of temperature, Figure 5-8.
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Figure 5-8: Timecourse of in situ 450 nm photoinduced conversion of E4(4H)
intermediate trapped during MoFe protein (a-?O”e) turnover in H,O (lower) and
D,O (upper). Photolysis at 3.8 K (green), 8 K (red) and 12 K (blue). Signal measured
directly as intensity of the g; feature of the E4(4H) S=1/2 EPR signal, normalized to the
maximum signal and fit with a stretched exponential decay function, | = exp (-[t/<]"),
with ‘1/e’ time constant,t; 0 < n < 1 equals unity for exponential decay and decreases
with the spread of the distribution. Time constants for fits (white dashed lines) are given
in figure; in all cases n ~ 0.4 (see Sl for details). EPR conditions: microwave frequency,
9.36 GHz; microwave power, 10 mW (1 mW for measurements at 3.8 K); modulation
amplitude, 13 G; time constant, 160 ms.

In a clear solution of low optical density, photolysis under constant illumination
would cause an exponential loss of the signal with rate constant (k) proportional to the
light intensity (lo) and quantum yield (¢), for re, k(¢) = t™(¢) o Iod, where t(¢) is the
corresponding time-constant for decay. However, it proved impossible to prepare clear

frozen samples with high population of E4(4H), only frozen ‘snows’. The decay of the

signal during photolysis of a ‘snow’ is necessarily non-exponential because light



183
scattering diminishes the photon flux across the sample (See 5-Sl); instead, as shown in
Figure 5-8, it can be described with a stretched exponential, exp(-[t/z]"),*> with ¢-
dependent ‘1/e’ decay time, t(¢), whose inverse is proportional to the average decay rate
constant (K)* and is thus proportional to the quantum yield for re: t(¢) o< £(¢) < ¢ (See
SI).

The decay time for photoinduced re of dihydrogen from E4(4H) measured in both
H,0O and D,O buffers is temperature invariant, within error, from 4-12 K, Figure 5-8,
Table 5-S2, a variation in the thermal energy (kgT) by a factor of ~ 3. Contrary to
expectation, the decay slows markedly in D,O buffer; the KIE for re over this range,
defined as the ratio of the 1/’ decay times for D,O and H,O buffers is large, KIE ~ 10.
These observations together imply that photoinduced re involves a barrier to the
combination of the two nascent H atoms, in contrast to the barrierless process inferred

for mono-metallic metal complexes,'’

and suggest that the photoinduced formation of
H, involves nuclear tunneling through that barrier. Whether the process involves an
actual intermediate H, complex remains to be determined. In combination with the
evidence for a barrier crossing in the oa of H, to E4(2H)* to regenerate E4(4H), this leads
us to the picture of the energy surfaces for photoinduced re/oa for the Janus intermediate
presented in Figure 5-9.

A Second Channel for Photoinduced Reaction: Intriguingly, the slowed
conversion of E4(4D) to E4(2D)* in D,O buffer uncovered a second channel for the

photoinduced loss of E4(4D), one which could not compete with the more rapid

conversion to E4(2H)* in H,O. During photolysis of E4(4D) in D,O buffer at ~ 10 K we
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observed a very weak photoinduced spin - % EPR signal in addition to that of E4(2D)*

(not shown). This state is much less stable than E4(2D)*, and decays completely within

Potential Energy

Reaction Coordinate

Figure 5-9: Idealized energy surfaces for photoinduced re/oa of the Janus
intermediate, E4(4H). Among issues to be resolved are the possibility of tunneling on
the excited-state surface, ‘(?)’, and whether there are stable intermediates along re or oa

paths.
two minutes upon raising the temperature to 77 K. Its low population and instability have
precluded detailed analysis, and it has proven impossible to determine its mechanism of
formation (for example, whether it is generated by the L mechanism).

Excited-State Molecular Orbitals: The photo-induced re of mutually cis hydrides

on a single metal ion (M) has been studied computationally,*®*’ and is thought to occur
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from a ligand-field excited state that is H-H bonding and that weakens M-(H-H) bonding

and/or is actually M-(H-H) (¢*) antibonding, as shown in Figure 5-10.

et

Figure 5-10. Cartoon showing nodal properties of an excited MO for an M(H),
complex that is bonding between the two hydrides and antibonding between each
one and the metal dz? orbital.

The process is thought to be concerted, and to occur on a barrierless repulsive
energy surface, with the H’s freely coming together for release as H,.'"?* This view is
compatible with measurements showing prompt release of H, after photolysis (< 6 ps),*
and with the absence of a KIE for H,/D, photorelease.?* The large KIE and tunneling-like
behavior for the photo-re of E4(4H) in contrast imply that its excited energy surface must
instead have a barrier to H, formation, and suggest that at the low temperature of our
experiments H; is formed by H-atom tunneling through the barrier. This behavior in turn
suggests to us that the hydrides of E4(4H) do not have a common vertex..

What type of excited state can generate the release of bridging hydrides?
Regardless of whether the two bridging hydrides share a vertex (Chart 1) or are
otherwise displayed, as in the ‘parallel’ arrangement in Figures 5-2, 5-3, 5-6, by analogy
to the mononuclear case we would suggest that the optical excitation generates a M,-(H-

H) (¢*) antibonding ligand-field excited state of one of the two bridging hydrides, as
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exemplified in Figure 5-11.

4D

£

Figure 5-11. Cartoon showing nodal properties of the excited MQO’s for bridging
hydrides (parallel arrangement), each antibonding between the hydride and the two
dz’ orbitals on the Fe ions it bridges.

R
L

This could couple to the equivalent state of the other bridging hydride,
delocalizing the excitation and generating a cluster excited state from which H, is
liberated, or alternatively, the excited hydride state might undergo reductive elimination
through an L-like mechanism, with the ‘liberated’ proton attacking its neighbor hydride,
liberating H,. In any case, the formation of H, appears to involve nuclear tunneling
through a barrier, as discussed above.

Summary and Prospects

These measurements have shown that in situ 450 nm photolysis of the Janus
Intermediate, E4(4H), in an EPR cavity at temperatures below 20 K generates a new
FeMo-co state, denoted E4(2H)*, that has lost the hyperfine couplings characteristic of
the two bridging hydrides. We have concluded that this state is neither a ‘hydride isomer’
nor an H, complex, but instead E4(4H) has undergone photoinduced re of the two
bridging hydrides of E4(4H) to generate E4(2H)* with the release of H,. During

cryoannealing at temperatures above 175 K, E4(2H)* reverts to E4(4H) through the
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oxidative addition (oa) of H,. Our observations further imply that photoinduced release
of H, involves a barrier to the combination of the two nascent H atoms, in contrast to a
barrierless process for mono-metallic inorganic complexes, and further suggest that H,
formation involves nuclear tunneling through that barrier. The oa recombination of
E4(2H)* with the liberated H, offers compelling evidence for the Janus intermediate as
the point at which H is necessarily lost during N, reduction; this mechanistically coupled
loss must be gated by N, addition that drives the re/oa equilibrium toward reductive
elimination of H, with N, binding/reduction.*®

There are many issues to be addressed concerning this remarkable observation of
photo-induced re of the bridging hydrides of E4(4H) and its thermal reverse, oa of H, by
the photo-generated S = E4(2H)* intermediate. Most obvious, is further characterization
of the energy surfaces for photoinduced re/oa of the Janus intermediate, E4(4H), through
experiments that address the indications of tunneling during photoinduced re and the
possibility of stable intermediates during either or both, re and oa, as noted in the legend
to Figure 5-9. In addition, we anticipate characterizing E4(2H)* by *'Fe and **Mo
ENDOR spectroscopy.

Expanding the perspective, it is of particular interest to examine the reactivity of
the photogenerated state E4(2H)*. We know that E4(2H)* is in some way more reactive
than all thermally generated states of FeMo-co except the E4(2N2H) state produced by re
of H, (Figure 5-2), as this latter is the only turnover state that can react with H,, through
the oa reverse of the re/oa equilibrium with loss of Nj. It seems unlikely that this

equilibrium in fact involves the Dissociative pathway of Figure 5-3, as E4(4H) re does
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not occur unless N, is present. Nevertheless, it is important to test whether E4(2H)*
binds and reacts with N, as would be the case if re did occur in this fashion and E4(2H)*
were equivalent to Z, Figure 5-3. Indeed, as there is keen interest in using nitrogenase to

49-51

reduce substrates other than N, it is of fundamental importance to test if E4(2H)* can

react with other possible substrates (CO,; C,H,, C,H4 etc.), as occurs with the
coordinatively unsaturated states produced by photo-re of single-metal complexes.*"?*
Of course, the use of a-70" MoFe protein precludes such experiments. Although
this active-site change is central to the present report in allowing the accumulation of
high populations of E4(4H), it does so at the cost of blocking access to the FeMo-co
active site to all substrates but protons.’® There is, however, an excellent prospect of
overcoming this limitation. We find that under certain conditions of turnover with the
wild-type enzyme, the E4(4H) EPR signal can be observed. Efforts are under way to
maximize its population; photochemical studies of this state will be undertaken

subsequently. These may help us to distinguish between the alternative Concerted and

Associative mechanisms for re/oa, Figure 5-3.
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APPENDIX

SUPPORTING INFORMATION

REVERSIBLE PHOTOINDUCED REDUCTIVE ELIMINATION OF H, FROM

THE NITROGENASE DIHYDRIDE STATE, THE E4(4H) JANUS

INTERMEDIATE
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Figure 5-S1: Temperature dependence of X-band EPR spectra of irradiated MoFe
protein (a-70"%) trapped during Ar turnover in H,O buffer. Additional features
observed at T > 12 K are assigned to ATP bound reduced Fe protein present in the
turnover sample. EPR conditions: microwave frequency, 9.36 GHz; microwave power,
10 mW; modulation amplitude, 13 G; time constant, 160 ms; field sweep speed, 20 G/s.
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Figure 5-S2: Photoinduced changes in Q-band CW EPR (upper) and 'H field-
modulated Q-band CW ENDOR (lower) spectra of MoFe protein (a-70"%) trapped
during Ar turnover in H,O buffer. g = 2.00: Arrows indicate overlapping ENDOR
signals associated with the two bridging hydrides of the E4(4H) intermediate. g = 1.965:
As indicated, resolved signals from the two hydrides. EPR conditions: microwave
frequency, ~35.04 GHz; modulation amplitude, 1 G; time constant, 128 ms; field sweep
speed, 17 G/sec; temperature, 2 K. ENDOR conditions: microwave frequency, ~35.04
GHz; modulation amplitude, 1.6 G; time constant, 64 ms; RF sweep speed, 2 MHz/sec;
bandwidth of RF broadened to 60 kHz; 60-100 scans; temperature, 2 K.
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Rate Constant for photolysis.
Assume the ‘snow’ of frozen MoFe protein in an EPR tube of internal diameter r
scatters light with a scattering length, 8, and the front face is uniformly illuminated with a
parallel beam of Intensity I, incident at each point across the front tube face (no
scattering off face), as depicted in Fig S3. Then at each point (X,y) within the tube the
light intensity will be reduced by the scattering along the distance, d(x,y) through which
the light travels to that point, and thus the rate constant for photolysis, k, which is
proportional to the quantum yield for photolysis, ¢, and the local light intensity, 1(X,y),
varies across the tube. As a result, the time course for photolysis becomes distributed, the
sum of the varying decay constants over the tube. The number of unphotolyzed systems

at time, t, denoted N(t, ¢), then becomes distributed, as follows:

ki(X, y,0) < o1, (X,Y)
oc (I) Ioe-d(x,y)ilﬁ

N(t, §) oc j L e ixdy
As the in situ photolysis process is in actuality even more

complicated, we model the observed photolysis progress curves with a stretched

exponential,
N (t ¢) oc e*(t/f(¢))n

where 1(¢) is the median decay time whose inverse equals the median decay rate constant



and is proportional to the quantum yield for photolysis,

T_l (¢) = kmed oc ¢

and, 0 < n <1 equals unity for an exponential decay and decreases with the spread of the
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distribution.
1) Phillips, J. C. Reports on Progress in Physics 1996, 59, 1133.

Table 5-S1. Specific Activities for MoFe proteins at pH 7.0.

Substrates®

Proton” N2 (1 atm) Acetylene (0.1 atm)
MoFe Protein nmol of nmol of

nmol of nmol of nmol of

Hz/min/m Hx/min/m
Hz/min/mg NHs/min/mg CzH4/min/mg
g g

a-70V¥/q-

2310 + 145 714 £ 41 6776 262 +3 1897 = 57
195Hi3
a-70"¥/q.-

1900 + 53 1345+16 28%1 738+ 4 1012 + 24
1956"1
-70"/ -

2739 £ 114 2595+72 1164 2371 +43 921
195Hi3
a-70"/a- 2225 +

2172 £57 28+3 1751+72 102+3
195" 108

& All assays were performed at 30 °C for 8 min at a molar ratio of MoFe protein to Fe

protein of 1:20, and the specific activities are expressed nmol of product per min per mg

of MoFe protein. ® Proton reduction assays were conducted under an argon atmosphere.
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Table 5-S2. Stretched Exponential parameters describing the photoinduced re of

E4(4H).
T (K) 3.8 8 12
(min) 9.6 8.5 8.9
H,0
n 0.50 0.52 0.48
T (min) 75 80 114
D,0
n 0.41 0.44 0.41
SKIE 1(D,0)/1(H,0) 7.8 9.4 12.8
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CHAPTER 6
REDUCTIVE ELIMINATION OF H, ACTIVATES NITROGENASE TO REDUCE
THE N=N TRIPLE BOND: CHARACTERIZATION OF THE E4(4H) JANUS

INTERMEDIATE IN WILD-TYPE ENZYME

Abstract

We have proposed a reductive elimination/oxidative addition (re/oa) mechanism for
reduction of N, to 2NH3 by nitrogenase, based on identification of a freeze-trapped
intermediate of the a-70¥?>"® substituted MoFe protein as the Janus intermediate that
stores four reducing equivalents on FeMo-co as two [Fe-H-Fe] bridging hydrides
(denoted E4(4H)). The mechanism postulates that obligatory re of the hydrides as H,
drives reduction of N, to a state (denoted E4(2N2H)) with a moiety at the diazene
(HN=NH) reduction level bound to the catalytic FeMo-cofactor. In the present work,
EPR/ENDOR and photophysical measurements show that a state freeze-trapped during
N, reduction by wild type (WT) MoFe protein is the same Janus intermediate, thereby

establishing the a-70Vel>lle

intermediate as a reliable guide to mechanism, and enabling
new experimental tests of the re/oa mechanism with WT enzyme. These allow us to show
that the re/oa mechanism accounts for the longstanding Key Constraints on mechanism.
Monitoring the S = %2 FeMo-co EPR signal of Janus in WT MoFe during N reduction

under mixed-isotope condition, H,O buffer/D,, and the converse, establishes that the

bridging hydrides/deuterides do not exchange with solvent during enzymatic turnover,

*Coauthored by Dmitriy Lukoyanov, Nimesh Khadka, Zhi-Yong Yang, Dennis R. Dean, Lance C.
Seefeldt, Brian M. Hoffman (2016) JACS 138 (33), 10674-10683. Copyright © [2016] American Chemical
Society. Reprinted with permission.
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thereby explaining earlier observations and verifying the re/oa mechanism. Relaxation of
E4(2N2H) to the WT resting-state is shown to occur via oa of H, and release of N, to
form Janus, followed by sequential release of two H,, demonstrating the Kkinetic
reversibility of the re/oa equilibrium. The relative populations of E4(2N2H) and E4(4H)
freeze-trapped during WT turnover furthermore show that the rapidly reversible re/oa
equilibrium between [E4(4H) + N,] and [E4(2N2H) + H,] is roughly thermoneutral (A G°
~ -2 kcal/mol), whereas hydrogenation of gas-phase N, would be highly endergonic.
These findings establish (i) that re/oa satisfies all key constraints on mechanism, (ii) that
Janus is the key to N, reduction by WT enzyme, which (iii) indeed occurs via the re/oa
mechanism. Thus emerges a picture of the central mechanistic steps by which the
nitrogenase MoFe protein carries out one of the most challenging chemical
transformation in biology, the reduction of the N=N triple bond.

Introduction
By catalyzing biological nitrogen fixation — the reduction of N, to two NH3

molecules — nitrogenase generates the nitrogen-containing nutrients that support most of

H2<— H2<—

Eo MM EyH) M Ey2H) s EyaH) &
2NH,
4(e”HY)

Figure 6-1: Simplified Lowe-Thorneley (LT) kinetic scheme for nitrogen reduction®
* that focus on the electron-accumulation and FeMo-co activation (boxed) stages. In
the E, notation, n = number of [e/H'] added to FeMo-co; in parentheses, the
stoichiometry of H/N bound to FeMo-co, except n = 7, 8, where structures are shown.
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the biosphere, including over half the human population.*

But an understanding of the mechanism of N, reduction by nitrogenase has been
elusive. A ‘kinetic’ foundation for the mechanism of the Mo-dependent nitrogenase was
developed through extensive studies in the 1970°s and 1980°s.>* The culmination of
these measurements was the Lowe-Thorneley (LT) kinetic scheme for nitrogenase
function, Figure 6-1,>* which describes the transformations among catalytic
intermediates, denoted E,, where n is the number of steps of electrons/protons delivered
from the nitrogenase Fe protein to the MoFe protein, which contains the active site iron-
molybdenum cofactor ([7Fe-9S-Mo-C-R-homocitrate, denoted M]; FeMo-co) Figure 6-

2.

Figure 6-2: Crystal structure of FeMo-co. Fe is show in rust, Mo in magenta, S in
yellow, carbide in dark-grey, carbon in gray, N in blue and O in red. The Fe atoms of
catalytic 4Fe-4S face are labelled as 2, 3, 6, and 7. Two amino acids, a-70"? and a-195"",
that approach the FeMo-co are also shown. The image was created using PDB coordinate
2AFI.

A defining feature of this scheme is the obligatory formation of one mole of H,
per mole of N, reduced, which leads to a limiting stoichiometry for enzyme-catalyzed
nitrogen fixation given by eq 6-1,

N, + 8¢ +16ATP + 8H" — 2NH3 + H, + 16ADP + 16P; (6-1)

in agreement with stoichiometric measurements by Simpson and Burris.> However, the
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obligatory requirement for H, formation has not been universally accepted, and was even
questioned in the culminating review of Burgess and Lowe: “Thus the data that support
the obligatory evolution of one H, for every N, reduced are much less compelling than
the data that require us to believe that some H, will always be evolved during N
reduction.”

We recently proposed®’ that obligatory H, formation during nitrogenase N,
reduction is in fact required to explain the catalytic function of nitrogenase. This proposal
originates with the characterization of an intermediate (FeMo-co spin S = %) trapped

Val>lle
0 >

during turnover of MoFe protein having the a-7 substitution, which apparently

inhibits access by all substrates to the active site, other than protons.® A combination of

*10 showed this

L2H/%Mo ENDOR spectroscopy®® and cryoannealing ‘electron counting
state to be the key E4(4H) ‘Janus’ intermediate, which has accumulated four of the eight
reducing equivalents required by eq 6-1, storing them as two [Fe-H-Fe] bridging
hydrides.®'® E4(4H) sits at a transition in the N, reduction pathway, Figure 6-1, poised
to “fall back’ to the E, resting state by successive release of two H,,'° but equally poised
to eliminate H, and proceed to the reduction of N, to two NH3 through the accumulation
of four more equivalents, hence the appellation, ‘Janus’.”

The discovery that the four reducing equivalents accumulated by E4(4H) are
stored as bridging hydrides forged a connection between nitrogenase catalysis and the

organometallic chemistry of metal hydrides'**3

that offered explanations of a multitude
of features of nitrogenase mechanism that had defied explanation for decades.? At the

most basic level, this hydride formation helped to explain how a constant-potential
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electron donor, reduced Fe protein (Fe"

), could reduce FeMo-co by four equivalents.
Moreover, bridging hydrides are less susceptible to protonation to form H,, or to solvent
exchange, than terminal hydrides. As a consequence of the latter, bridging hydrides
diminish the tendency of FeMo-co to ‘fall back’ to resting state through the formation of
two H, (Figure 6-1) However, the bridging mode also lowers hydride reactivity, relative
to that of terminal hydrides. How the release of H, contributes to the activation of this
‘deactivated’ intermediate for the hydrogenation of N, to a moiety at the N,H,-reduction
level is thus a central ‘mystery’ of N reduction by nitrogenase.

Importantly, reference to the inorganic chemistry of metal-dihydrides offered an
explanation to this mystery, as well. Once it is recognized that E4(4H) contains two
bridging hydrides, then the chemistry of metal-dihydride complexes'**® identifies the LT

E4(4H)—E4(2N2H) mechanistically coupled equilibrium (Figure 6-1) as the reductive

elimination (re) of H, and its reverse, the oxidative addition (oa) of H,, Figure 6-3.

Fe—>~—Fe N2 H2 Fe/S\Fe

7 \
S SH* S 2N2H S
e<H_\,Fé re/os ¥ I—/e
SH*

Figure 6-3: Schematic of re/oa equilibrium. The cartoon represents the Fe 2,3,6,7 face of
FeMo-co, and the ‘2N2H’ implies a species at the diazene reduction level of unknown structure
and coordination geometry. In the indicated equilibrium the binding and activation of N, is
mechanistically coupled to the re of H,, as described in the text. Some of the potential
complexities associated with this enzymatic process that underlie this cartoon are discussed in
reference 18.

We proposed that for nitrogenase, the re of H, carries off two of the four reducing

equivalents formally stored as the H°, driving the first, and most difficult, step of N,
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cleavage; reduction of the N, triple bond to a diazene-level (2N2H) moiety bound to
FeMo-cofactor, Figure 6-3, by the remaining two reducing equivalents. This process
fulfills one of the long-standing key constraints on mechanism: Chart 1, (i).2

Chart 1: Key Constraints on Nitrogenase Mechanism?

(i) State when N, is Reduced:

N, is reduced at the E, stage of [e/H"] accumulation

(ii) D, or T, only react during N, Turnover, during which:

(a) 2HD form stoichiometrically:

M-N, + D, + 2H" = 2HD + M + N,
(b) No Scrambling with solvent:

‘No’ T released to solvent under T,
(c) Reduction Level of this reaction:

D,/T, reacts at E4(2N2H) level

The proposal that N, fixation requires the obligatory re of H, was first supported by its
ability to provide explanations of key constraints on nitrogenase mechanism summarized
in Chart 1.2 These include not only the E, state at which N, is first reduced (Key
Constraint (i)), but most especially previously baffling results from turnover in the
presence of D,/T,. It was found that: Key Constraints (ii)), D, only reacts with
nitrogenase during turnover under an N,/D, atmosphere; (iia) in this reaction D, is
stoichiometrically reduced to two HD (with H,O buffer); (iib), corresponding turnover
with T, does not lead to exchange of T into H,O solvent? These constraints are

explained as arising through the reverse of the re process, Figure 6-3, namely the
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oxidative addition (0a) of H, with loss of N,.>’ According to the mechanism, during
turnover under D,/N,, reaction of the E4(2N2H) intermediate with D, generates
dideutero-E4 with two [Fe-D-Fe] bridging deuterides which do not exchange with
solvent.** This E4(4H) isotopologue, which we denote E4(2D;2H") (Chart 2), would

relax through E,(D";H") to E, with successive loss of two HD "*°.

E,(2D7;2H")

Fe— S Fe
/[ o \
S SH*
\ o/
Fe<  >Fe
\SH+/
Chart 2
The proposed formation of the E4(2D72H") and E,(D’;H") states through the
thermodynamically allowed reverse of re, the oa of D, with accompanying release of N,
led to a successful test of their formation. During turnover under N,/D,, the non-
physiological substrate acetylene (C,H,) intercepted these states to generate deuterated
ethylenes (C,HsD and C,H,D,).** More recently, we identified an S = % EPR signal that
appears during N, reduction by wild type (WT) MoFe protein as arising from FeMo-co of
the E4(2N2H) state formed by re of H, with N, reduction, Figure 6-3, and in so doing
confirmed the prediction that the (re/oa) activation equilibrium is not only

thermodynamically, but also kinetically reversible.’> Characterization of the E4(4H)

‘Janus’ intermediate as carrying four reducing equivalents in the form of two [Fe-H-Fe]
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bridging hydrides thus laid the foundation for the re/oa mechanism, Figure 6-3, with its
obligatory formation of one H, per N, reduced and resultant limiting stoichiometry of eq
6-1, while the success of predictions based on the mechanism provides powerful
support for the mechanism.

We here report two major types of advance in our understanding of nitrogenase
catalysis. The first was motivated by our recognition that, although the predictions of
re/oa were tested in WT MoFe, the mechanism was founded on the presence and
properties of the two [Fe-H-Fe] bridging hydrides in the Janus intermediate trapped and
characterized in the a-70Y¥>"® MoFe protein, which shows a much decreased ability to
bind and reduce N». This raised the question: Do the properties of the Janus intermediate
in the MoFe variant accurately reflect those of the WT intermediate, and are mechanistic
conclusions based on studies of the variant applicable to WT enzyme? This report
answers these coupled questions: yes. We here establish that the same E4(4H) Janus
intermediate, with its two [Fe-H-Fe] bridging hydrides, in fact does participate in
catalysis by the WT enzyme through the re/oa mechanism for N, reduction, thereby
showing the a-70Y¥>" Janus intermediate as a reliable guide to mechanism.

The second is a set of advances founded on the ability to monitor both the E4(4H)
and E4(2N2H) partners of the re/oa equilibrium in WT enzyme (Figure 6-3). This ability
enables us to experimentally demonstrate that the re/oa mechanism indeed satisfies the
Key Constraints of Chart 1, and beyond that to measure the energetics and kinetics of the
equilibrium interconversion. Overall, this report yields a picture of the key mechanistic

steps by which nitrogenase carries out one of the most challenging chemical
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transformation in biology, the reduction of the N=N triple bond.*®

Materials and Methods

Materials and Protein purifications: All the reagents were obtained from SigmaAldrich
(St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and were used without further
purification. Argon and N, gases were purchased from Air Liquide America Specialty
Gases LLC (Plumsteadville, PA). Experiments were carried out with WT Azotobacter
vinelandii MoFe protein expressed and purified as described elsewhere.’” The handling
of all buffers and proteins were done anaerobically unless stated otherwise.

EPR and ENDOR samples: Samples were prepared as described under turnover
conditions specified in figure legends; X-band samples contain 50 uM MoFe protein, 75
uM Fe protein, and the concentration of intermediates trapped during turnover is typically
~ 20 uM.™* For Q band samples, 100 uM MoFe and 150 pM Fe was used. All the
samples were allowed to turnover for 20-25s, transferred to a X or Q band tube, and
frozen with liquid nitrogen..*>® It was found that during turnover of WT enzyme under
low partial pressures of N, a g1 = 2.15 species, shown below to be the E4(4H)
intermediate in WT enzyme could be trapped in populations adequate for study, typically
along with its ‘equilibrium partner’ the E4(2N2H) intermediate. The properties of g; =
2.15, E4(4H) are compared with those of E,(4H) trapped in the a-70"*~™ and a-
70V4~1/-195M576I" MoFe proteins as described.*’*?

EPR and ENDOR Measurements: X-band CW EPR spectra and Q-band CW EPR and
12H ENDOR spectra, including those during in situ photolysis by constant 450nm diode

laser illumination, were collected as described.'® Data points for kinetics of photolysis
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and annealing were obtained as amplitudes of EPR signals at the well-resolved g
features of the E, states linked by re/oa. Tests of this protocol by EPR simulations show
that the error of this quantitation approach should not exceed 15% when both E4(4H) and
E4(4D) intermediates are present. We recall a time constant for photolysis is inversely
proportional to the intensity of illumination and photolysis quantum yield.'® As a result
the kinetic isotope effect on photolysis corresponds to the effect on quantum yield.
Results and Discussion
Enhancing the population of the WT g; = 2.15 intermediate

Figure 6-4 presents EPR spectra of WT MoFe protein freeze-quenched under
turnover at high and low partial pressure of Ny, along with a spectrum of the E4(4H)
intermediate trapped during turnover of a-70V¥>" MoFe protein. The spectrum for the a-
70V3>""e enzyme shows the signal from the E4(4H) Janus intermediate, g = [2.15, 2.007,
1.965]. The WT enzyme turned over under high partial pressure of N, (P(N2)) shows the
EPR signal from the E4(2N2H) intermediate, in which FeMo-co binds a diazene-level
product of N, binding/reduction, g = [2.09, 1.99, 1.97]. However, WT enzyme freeze-
trapped under low P(N,) turnover with high solution concentration of H, (high effective
P(H,), see figure legend and ref **) shows only traces of the signal from E4(2N2H), and
instead shows an EPR signal of an intermediate with g; = 2.15, which is indistinguishable
from that of E4(4H) in the MoFe a-70Y¥>" variant.®*° Closer inspection of the high-
P(N,) signal then shows a trace of the g, = 2.15 feature, associated with a very low
population of this intermediate, confirming its presence under all turnover conditions.

Such a correlation of relative intensities with P(N;) and effective P(H,) is as expected if
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this g1 = 2.15 signal is indeed from WT E4(4H). In this case its concentration relative to
that of E4(2N2H) is governed by the equilibrium of Figure 6-3, when, as expected, the
forward and reverse steps of the re/oa equilibrium are rapid compared to the slow

delivery of the next electron from Fe" (Figure 6-1).

g-value
24 23 22 21 2 1.9 1.8 1.7
T T T T T T T

E(2N2H)

- - +— Reduced

WT/1.0 atm N, Fe protein

E(4H) ?
WT/0.1 atm N,

E.(4H)

V70I/Ar turnover,

2600 3000 3200 3400 3600 3800 4000
Magnetic Field (G)

Figure 6-4: X-band EPR spectra of WT nitrogenase turnover samples trapped
under different conditions. EPR spectrum under 1 atm of N, (with stirring to facilitate
transfer of H, formed during turnover into the headspace™), and under low P(N,) in H,O
buffer (without stirring) shown in comparison with spectrum of E4(4H) state trapped
during turnover of a-70"#>"® MoFe protein of the same concentration (see M&M). EPR
conditions: temperature, 12 K; microwave frequency, 9.36 GHz; microwave power, 10
mW; modulation amplitude, 9 G; time constant, 160 ms; field sweep speed, 20 G/s.

E4(2N2H)_K P(NZ)
E,(4H) " P(H,)

oc P(N,)

Here K is the equilibrium constant for the re/oa equilibrium, and a simple
proportionality to P(N,) follows from our observation that at these high enzyme

concentrations, turnover produces a roughly constant (saturating) concentration of H,
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regardless of P(N,).®> Not only does this P(N.) dependence supports the idea that the g; =
2.15 state is indeed the WT E4(4H), but of central importance to this study, the ability to
prepare samples whose dominant EPR signal is that of the g; = 2.15 state enables its
characterization and identification, as now described.

L2H Hyperfine Coupling to Bridging [Fe-H/D-Fe] in WT MoFe

B v-v('H) (MHz)
-20 -10 0 10 20

A~ 24 MHz

r
V70I/H195Q
H,0
WT H Mims
D,0 v T=400ns
%w

g=2.01

'H
Stochastic

v
H,0 *
H Mims
M v v v v 1=500ns
v
D,0
. r r r : - r
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Magnetic Field (G) v-v(*H) (MHz)

Figure 6-5: EPR and ENDOR spectrum for WT and a-70"?"" MoFe protein under
Ar turnover. (A) EPR spectra of WT and o-70"*>" turnover samples trapped in H,O
(red) and D,O (blue) buffers. Spectra are shown after normalization to the same g;
feature amplitude and their extended g; and gs; fragments are compared with EPR
simulations obtained with hydrides/deuterides hyperfine interaction parameters known
from previous ENDOR study.® Red arrows indicate resolved features associated with
hydrides hyperfine interaction. EPR conditions: temperature, 12 K; microwave
frequency, 9.36 GHz; microwave power, 10 mW; modulation amplitude, 2.3 G; time
constant, 160 ms; field sweep speed,10 G/s; 4 scans. (B) Mims 2H ENDOR spectra of
WT low P(N_2) turnover in D,O (middle) shown in comparison with previously obtained
stochastic CW ENDOR of hydrides of E4(4H) trapped in a-70"*~"/q-195"5~%" protein
during turnover in H,O (top).’® Spectra of H and H are scaled to the same Larmor
frequency. In D,O spectra, down triangles indicate 'blind spots’' of Mims ENDOR spectra
with suppressed hyperfine couplings of A=n/t,n=1, 2, ...; *-labeled signal in the H,O
background Mims 1= 400 ns spectrum is associated with 5™ harmonics of the matrix *H
response. Mims ENDOR conditions: microwave frequency, 34.743 GHz; 1/2 = 50 ns;
RF 20 ps; repetition time 50 ms; ~ 400-800 scans; temperature, 2 K.
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OVaI—)IIe and a-

ENDOR spectroscopy revealed the presence in E4(4H) of a-7
70V4~1¢/-195M576I MoFe protein of two [Fe-H-Fe] bridging hydrides with anisotropic
hyperfine tensors whose principal values are virtually identical, Al = [11, 25, 37] MHz,
A2 = [10, 24, 33] MHz, but whose orientations differ.2 To begin this investigation, we
examined how the hyperfine coupling to the two hydrides influence the EPR spectrum of
E4(4H) of a-70V¥">" MoFe protein. Figure 6-5A presents CW X-band EPR spectra of
this intermediate prepared in H,O and D,0 buffers, along with expansion of the g, and gs
regions of the spectra plus simulations that incorporate the ENDOR-derived hyperfine
couplings to the hydrides/deuterides (the accompanying protons have only small
couplings and do not significantly contribute). The difference in breadth of the g, feature
in H,O and D,O buffers is well-captured by the simulated *H hyperfine broadening from
the two hydrides, as calculated using the ENDOR-derived couplings. In particular, at gs,
the EPR spectrum of the intermediate in H,O buffer even shows the 1-2-1 pattern arising
from comparable couplings to the two *H hydrides, and this too is reproduced by the
simulation. The loss of this pattern in D,O buffer definitively confirms its identification
with coupling to the two hydrides.

The EPR spectrum of the WT g; = 2.15 species in H,O buffer has the same
breadth at g, = 2.15 as that of E4(4H) of 0-70¥¥>" and shows the same narrowing in
D,0. At g3 the signals from residual Fe™ and E4(2N2H) largely obscure the g; = 2.15
intermediate signal for the WT enzyme, but the spectrum in H,O buffer nonetheless
shows clear evidence for the same 1-2-1 hyperfine-coupling pattern from two [Fe-H-Fe]

Val>lle
0 >

hydrides as seen for the a-7 variant, a feature that is lost in D,O buffer as with the
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a-70V¥>" intermediate. Thus, the WT and a-70Y¥>" enzymes have equivalent
hyperfine-coupled hydrides.

Comparison of ENDOR responses from E4(4H) in a-70Y¥>"® MoFe protein and
the g; = 2.15 intermediate of WT enzyme confirms the presence of the two bridging
hydrides in the WT intermediate. Figure 6-5B shows a 2 K Q-band stochastic CW *H
ENDOR spectrum collected at g, = 2.01 for E4(4H) oa-70V¥~"1¢/q-195Ms=CIn 18 Thjg
spectrum is one component of the 2D field-frequency pattern of spectra collected across
the EPR envelope used to carry out the ENDOR analysis. In this spectrum, taken at the
field of maximum EPR intensity,? the strongly-coupled *H signals from the two hydrides
are completely overlapped, yielding a single composite (structured) doublet whose
feature of maximum intensity corresponds to a hyperfine splitting, A(*H) ~ 24 MHz.

The population of the g; = 2.15 intermediate trapped during turnover of WT
enzyme in H,O buffer is low, even when enhanced by low P(N;), which prevented
collection of a satisfactory ENDOR response for strongly-coupled [Fe-'H-Fe] protons.
However, during turnover of the WT enzyme in D,0O buffer the intermediate is trapped
with a more than two-fold higher population. As a result, we could obtain ?H ENDOR
signals from strongly-coupled [Fe-*H-Fe] deuterons. The Q-band H Mims pulsed-
ENDOR spectrum at g = 2.01 shows a narrow ‘distant deuteron’ signal centered at the H
Larmor frequency (Figure 6-5B), but in addition shows a pair of peaks offset from the 2H
Larmor frequency by ~ +1.85 MHz. The identification of this pair as a hyperfine-split
doublet with A(*H) ~ 3.7 MHz is confirmed by its suppression when the interval, t, in the

Mims microwave pulse sequence is chosen appropriately for the hyperfine coupling, in
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this case A(°*H)t ~ 2, and by the absence of the signal in a sample prepared in H,0 buffer,
Figure 6-5B." When scaled by the nuclear g-factors, the coupling for this feature
corresponds to a proton coupling of A(*H) ~ 24 MHz, the value seen in the *H spectrum
from E4(4H) a-70"*~"1¢/g-195Ms~GIn

Together, the EPR and ENDOR measurements demonstrate that the WT g; = 2.15
intermediate not only has the same g-values as a-70V4>"" E,(4H) (vide supra), but also
exhibits hyperfine couplings that correspond to the pair of [Fe-H-Fe] bridging hydrides of
a-70V¥>" E,(4H), thereby establishing that the intermediate in WT MoFe protein
corresponds to that in the a-70V¥>" variant: it is the E4(4H) Janus intermediate of N,

reduction by the WT enzyme.

Photoinduced re of WT and a-70"*'"" E,(4H) Hydrides; oa of H, by cryoannealing
E4(2H)*

The assignment of the WT g; = 2.15 intermediate to E4(4H), with its two [Fe-H-
Fe] bridging hydrides, is confirmed by the behavior of this intermediate under photolysis.
We were inspired to take this approach by considering that the photolysis of transition
metal dihydride complexes (with mutually cis hydride ligands) commonly results in the

release of H,,2%8

which represents “a typical example of reductive elimination”, while
the thermal reverse reaction “is the prototype example of an oxidative addition
reaction.”®® Thus, we tested whether the two bridging hydrides of E4(4H) would behave
in this fashion. ENDOR and EPR measurements showed that photolysis of E4(4H) a-

70V3>"e at 4 K and above generates a new FeMo-co state, denoted E4(2H)*, through the
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photoinduced re of the two bridging hydrides as H,. The E4(2H)* thus trapped relaxes to
the initial, equilibrium, E4(4H) form during cryoannealing of the frozen solid at
temperatures above 175 K, where the oxidative addition (oa) of the eliminated H, by
E4(2H)* becomes kinetically allowed. The photolysis quantum vyield is temperature
invariant at liquid helium temperatures and shows a large kinetic isotope effect, KIE =
10. These observations imply the photoinduced release of H, involves a barrier to the
combination of the two nascent H atoms and further suggest that H, involves nuclear

tunneling through that barrier.
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Figure 6-6: Photoinduced changes in EPR spectra of WT and a-70"*>"® freeze-

trapped during enzymatic turnover in H,O during 24.5 minutes of 450 nm diode
laser irradiation at 12 K. EPR conditions: the same as in Figure 6-4.

Figure 6-6 compares EPR signals collected during the in situ irradiation by 450
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nm light of E4(4H) a-70V¥>" WT E,(4H), and E4(2N2H) held at 12 K in an EPR cavity.
Figure 6-7A plots the time course for the intensity of the EPR signals of these
intermediates during the in situ photolysis. Irradiation converts E4(4H) o-70v*>" (g =
[2.15, 2.007, 1.965) to E4 (2H)* (g = [2.098, 2.0, 1.956]), Figure 6-6. The figure shows
that irradiation of WT E4(4H) likewise converts this state to an E4(2H)* state with g-
values identical to those in the a-70¥?">"® MoFe variant.

In contrast, the EPR spectra of Figure 6-6 and progress curves of Figure 6-7A,
show that the E4(2N2H) signal is unaffected by photolysis. That a bound nitrogenous
moiety, the Np-derived 2N2H moiety of E4(2N2H), is not photodissociable supports the
idea that the photosensitivity is associated with the presence of bound hydrides. The
photolyis results thus confirm the presence of the two bridging hydrides in the WT g =
2.15 intermediate, and its identification as E4(4H).

The progress curves for in situ irradiation of E4(4H) in WT and a-70V#>"® MoFe
protein (Figure 6-7A) are the same, within error, showing that the quantum yield for re

Val>lle
0 >

of Hy is independent of environment - WT enzyme vs a-7 variant. As a result, the

re progress curves for WT and a-70V¥>" in H,O buffer have been jointly fit to the

stretched exponential behavior (exp(-(t/t)™))?**

that is a consequence of photolysis in a
non-glassy sample,'® and likewise for those in DO buffer. As reported for photolysis of
E4(4H) a-70V*>" the joint progress curves show a large KIE, defined as the ratio of the
median decay times for D,O and H,O buffers, KIE ~ 9, which implies that photoinduced
re of the two hydrides and release of H; involves a barrier to the combination of the two

Val>lle
0 >

nascent H atoms. Likewise, as reported for the a-7 intermediate, the decay time for
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the WT intermediate is temperature invariant, within error, for T = 4-12 K, which

suggests that the formation of H, involves nuclear tunneling through that barrier.**
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Figure 6-7: Kinetic isotope effect on photolysis of E4(4H) state in WT MoFe protein.
(A) Time courses of E4(4H) and E4(4D) states in a-70¥2>" and WT and E4(2N2H) in
WT 1 atm N turnover in H,O during irradiation with 450 nm diode laser at 12 K. Data
points in this and following kinetics plots were obtained as described in Materials and
Methods; decays of E4(4H) and E4(4D) are fitted as stretched exponential with following
parameters: 7=9.2 min, m = 0.51 for H,O and t = 83.3 min, m = 0.45 for D,O. EPR
conditions: for this and the following kinetics figures are the same as in Figure 6-4. (B)
Time courses of E4(4H)/ E4(4D) recovery during 193 K annealing of irradiated WT and
a-70V¥>" turnovers in H,0/D,0. Time constants obtained from exponential fit: 8.4 min
(H20) and 41.5 min (D,0), KIE ~ 5.

Figure 6-7B plots the timecourse for the oa of H, by the E4(2H)* and E4(2D)* to
regenerate the corresponding E4(4H)/E4(4D) states during 193 K cryoannealing of WT
and a-70V¥>"® MoFe samples.'® In these experiments the sample is annealed at 193 K
multiple times, with cooling for collection of EPR spectra at 12 K between annealing
periods. For both H,O and D,0 buffers the relaxation of E4(2H)* oa of H, regenerates the
E4(4H) state formed during turnover, and the progress curves are well-fitted as a single-

exponential processes. As with photoinduced re, the progress curves during

cryoannealing oa are the same for the two MoFe variants, and their joint fit yields KIE ~
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5, rather larger than seen for closed-shell monometallic complexes.®*** Combined with a
strong temperature dependence of the time-constant (not shown), this KIE implies that oa
of H; involves traversal of an energy barrier. Overall, the measurements of photoinduced,
re loss of H, from E4(4H) and thermal regeneration of the E4(4H) state via oa of H, by
the resulting E4(2H)* confirm the identification of the WT and a-70V¥>"® intermediates
as the same Janus, in showing that both the excited and ground state energy surfaces
associated with these processes are essentially the same in the WT and variant MoFe
proteins.
Accumulation of E4(4H) Isotopologues During Mixed-lIsotope Turnover; Bridging

Hydrides are Exchange-lnert

o
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Figure 6-8: Showing Kinetic reversibility of the re/oa mechanism in WT MoFe
protein (A) The g, features of Janus state EPR recorded for WT protein turnovers
trapped under mixtures of 0.1 atm N with 0.9 atm of H, or D; in H,O and D,0O buffers
with stirring. EPR conditions: temperature, 12 K; microwave frequency, ~9.36 GHz;
microwave power, 10 mW; modulation amplitude, 4.5 G; time constant, 160 ms; field
sweep speed, 5 G/s; 4-8 scans. (B) Photolysis of WT Janus intermediate formed through
isotopically-mixed turnover; irradiation with 450 nm light at 12 K. Progress curves for
N2/H,, H,0 and N,/D,, D,O are fitted as stretched exponential decays with parameters
shown in the figure. Kinetics of other two samples can be well fitted with following
parameters: T = 52.6 min, m = 0.47 for N,/D, turnover in H,O and 1 = 38.3 min, m = 0.46
for No/H; turnover in D,0O. Dotted lines present alternative fits as sums of two decays
corresponding to photolysis of E4(4H) in H,O and E4(4D) in D,O turnover samples with
ratios shown in the figure.
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The kinetic reversibility of the re/oa mechanism in WT enzyme, as well as the
stability of the bridging hydrides to solvent exchange, as required by Key Constraint (ii,
b), Chart 1, are here established by the use of EPR and photolysis to measure the
isotopic composition of the bridging hydrides in WT Janus trapped during N turnover
under isotopically mixed conditions: H,O buffer under an atmosphere that include D, and
conversely, Figure 6-8. These measurements show that the re/oa mechanism satisfies
Key Constraints, Chart 1, on catalysis by WT nitrogenase. According to the re/oa
mechanism, N, turnover in H,O buffer under D, would generate E4(4H) through turnover
accumulation of reducing equivalents and protons derived from solvent (Figure 6-1), but
in addition, oa of D, from the gas phase by E4(2N2H) would generate E4(2D";2H"), with
two [Fe-D-Fe] bridges and two bound protons, and conversely for turnover in D,O buffer
under Hy (Figure 6-3). As a result, during N, turnover under both mixed-isotope
conditions, two isotopologues of Janus are expected to accumulate, one in which the two
bridges have the solvent H/D isotope, the other with the two bridges generated through
oa of the diatomic D/H- in the gas phase.**

Figure 6-8A shows that the g; = 2.15 feature from the EPR spectrum of the WT
E4(4H) intermediate, as trapped in H,O buffer during turnover under N,/D,, is distinctly
narrower than for turnover under Ny/H,, thus demonstrating the accumulation of an
intermediate in which the reverse of the re/oa equilibrium has generated [Fe-D-Fe]
bridging deuterides with loss of the 'H hyperfine broadening (Figure 6-5A, above).
Conversely the g; = 2.15 feature for the WT Janus intermediate in D,O buffer is

correspondingly broader for turnover under N,/H, than for turnover under N,/D,
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demonstrating the accumulation of an intermediate with bridging [Fe-H-Fe], which
contribute *H hyperfine broadening. Simulations that sum roughly equal contributions of
the limiting spectra for E4(4H) and E4(4D) in fact reproduce the mixed-isotope spectrum
quite well (not shown). Note especially, that the demonstration that deuterides/hydrides
acquired by oa of the gas-phase diatomic accumulate in the catalytic intermediate, rather
than exchanging with a solvent of opposite isotopic composition, confirms our proposal®’
that these bridging hydrides are exchange-inert, and that their formation during oa of a
gas-phase diatomic explains why turnover under N,/T, does not lead to the exchange of
T* into the solvent.?

The accumulation of mixtures of E4(4H) isotopologues during turnover by oa of
H./D, under isotopically-mixed conditions is actually seen most dramatically when
comparing measurements of the KIE for the photolysis of WT Janus trapped during
turnover under N in isotopically homogeneous conditions — H,O buffer with addition of
0.9 atm of Hy, or D,O buffer with added D, — with those for isotopically-mixed turnover
conditions — H,O buffer with added D, or D,0O buffer with added H,. As expected, the
photolysis traces from isotopically homogeneous intermediates, formed in H,O buffer
with No/H, and in DO buffer with N./D,, Figure 6-8B, show a large KIE ~ 11, within
error the same as seen for re of the two hydrides/deuterides formed in H,O/D,0 buffers
without the diatomics in the atmosphere (Figure 6-7A).

However, according to the re/oa mechanism, oa of D, by E4(2N2H) during
turnover in H,O buffer under D, generates E;(2D";2H"), with two [Fe-D-Fe] bridges and

two bound protons, and conversely for turnover in D,O buffer under H,. To a good
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approximation each of these E4(4H) mixed isotopologues should undergo photoinduced
re with quantum vyield associated with the isotopic composition of the bridges, as
determined by the complementary diatomic (see above), independent of the isotopic
character of the protons/deuterons on sulfur, as determined by the solvent. Thus, if the
H/D bridges introduced from the diatomic do not exchange with solvent, the
intermediates formed in mixed isotope turnover should have apparent rates of photolysis
roughly midway between those of E4(4H) and E4(4D). Indeed, Figure 6-8B shows that
the Janus intermediate formed during turnover under N,/D, in H,O buffer photolyzes
more slowly than with N,/H; in H,O, while the intermediate formed under N»/H, in D,O
buffer photolyzes more rapidly than with No/D, in D,O. The photolysis of these mixed-
isotope samples each can be described by time constant roughly midway between those
of the two isotopically homogeneous samples (see figure legend). Alternatively, as shown
in Figure 6-8B, each isotopically mixed trace can be fit as the sum of a roughly f ~ 50%
contribution from the progress curve for photolysis of E4(4H), with two bridging
hydrides, plus a contribution of (1-f) from the curve for E4(4D) with two bridging
deuterides.®

These EPR and photochemical observations thus confirm that turnover of WT
MoFe protein under N, involves a rapidly reversible re/oa equilibrium between the E4
Janus intermediate and the E, state with diazene-level dinitrogen reduction product,
Figure 6-3. Furthermore, the buildup of E4(2D";2H™) with bridging deuterides during
N,/D, turnover in H,O buffer, and the converse, confirm that the bridging

hydrides/deuterides of the Janus intermediate do not exchange with solvent during



222
turnover. Thus, these measurements show that the re/oa mechanism indeed satisfies Key

Constraints (i), (ii)b,c, Chart 1, as proposed.®’

Kinetic reversibility of the re/oa equilibrium during N reduction by WT MoFe:

The E4(4H) 0-70V*>" intermediate was shown to have accumulated four
reducing equivalents by a quench-cryoannealing relaxation protocol corresponding to that
described above for the regeneration of E4(4H) by oa of H, to the photogenerated
E4(2H)*. Keeping the sample frozen prevents any additional accumulation of reducing
equivalents because binding of reduced Fe protein to and release of oxidized protein from
the MoFe protein both are abolished in a frozen solid. As recently confirmed, the frozen
intermediate can relax towards the resting state only through steps that release a stable
species from FeMo-co, with the E, states formed prior to N, binding losing two
equivalents per relaxation step in the release of H,. By this approach, E;(4H) was
identified by its relaxation to the resting state Eq through the release of a total of four
reducing equivalents in a two-step process, each step involving hydride protonation with
release of H, (two equivalents per step), with formation of E,(2H) in the first step
(Figure 6-1).%°

As an extension of this procedure, the FeMo-co S = ¥ E4(2N2H) intermediate
trapped during catalytic turnover of WT enzyme was identified by the finding that the
decay of this state in a frozen reaction mixture is accelerated by increasing [H,] and
slowed by increasing [N2], which directly demonstrated that the intermediate is the

product of the kinetically, as well as thermodynamically reversible (re/oa) activation
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equilibrium, Figure 6-3. However, in that study the E4(4H) precursor to re was
accumulated in such low levels that its kinetic progress curve during cryoannealing could
not be monitored directly, and we were forced to analyze the decay of E4(2N2H) to

resting state, Chart 3, through a steady-state approximation for the concentration of

EL(4H).
Chart 3
H, H2 Nz H,
EO%E (2H) <= E4(4H LZLE4 ON2H)
Nz Hz

The preparation of freeze-quenched WT samples that contain significant
populations of both E4(4H) and E4(2N2H), obtained through control of P(N,) during
turnover, has now enabled us to directly monitor the progress curves in WT enzyme of all
LT species on the cryoannealing relaxation pathway of E4(2N2H) to resting state (E,
states with n <4, even), Chart 3. In so doing we directly track the kinetics of the species
linked through the oa reverse, of the re/oa equilibrium, Figure 6-1, 6-3. These progress
curves for the relaxation of E4(2N2H) and kinetically linked intermediates (Chart 3)
during cryoannealing of WT enzyme at -50 °C are presented in Figure 6-9. These are
well described by the curves calculated by fitting them to the sequential kinetic scheme of
Figure 6-9, which corresponds to the reverse of the LT scheme starting at E4(2N2H),
Figure 6-1 and Chart 3. The fitting procedure allowed for each step to exhibit
distributed kinetics, and the time-constants and ‘stretch’ parameters are collected in the

legend to Figure 6-9. The amplitudes of the kinetic phases correspond to the steady-state



224

turnover populations of the E, states, and of course vary widely depending on P(N,) and
the electron flux (see Figure 6-4). In the sample represented by Figure 6-9 these
correspond to: Eq ~ 8%; E;, ~ 16%; E4(4H) ~8%; E4(2N2H) ~ 12 %. Thus, in this sample
the two states linked by the re/oa equilibrium correspond to fully ~ 20% of the MoFe

protein.

T, MM, 1., M, 1,
| E{2N2H) — E,(4H) = E,(2H) — E,

FeMo-co (%)

= s T
0 100 200 300
Annealing time (min)

Figure 6-9: Time courses of four EPR detected states during -50 °C cryoannealing of
WT low P(N) ~ 0.05 atm turnover in H,O. The data colors correspond to those in the
kinetic scheme (Top) and the lines correspond to fits to that scheme as previously
described.’® Stretched exponential parameters of the first two fast steps are 11 = 43 min,
m; =0.79 and 1, = 6 min, m, = 0.8, the third slow step fitted as exponential with 13 = 330
min. Intensities of E, and E, states obtained and quantitated with previously described
procedures;™ intensities of E4 states converted to concentration units by scaling three-
step kinetic scheme for corresponding decays. EPR conditions: for E4(4H) spectra the
same as in Figure 6-4; for E4(2N2H), E, and Eq the same as used in previous studies.’

The kinetic coupling of the loss of E4(2N2H) through oa of H,, with the formation
of E4(4H) directly establishes the operation of the re/oa mechanism and its kinetic

reversibility. The above demonstration that oa of D, by E4(2N2H) in H,O yields E4(2D"

:2H™) with exchange-inert deuteride bridges then shows that in this case each of the two



225
steps by which this WT mixed-isotope intermediate relaxes to Eo would involve
protonation of the deuteride bridges by protons from solvent, generating 2HD,
confirming that the re/oa mechanism explains the final Key Constraint (ii a), Chart 1, as
proposed.®’

Thermodynamic reversibility of the re/oa equilibrium during N reduction by
WT MoFe: The mere observation of both E4(4H) and E4(2N2H) in samples freeze-
quenched during N, fixation (Figure 6-4) establishes that the equilibrium constant for
re/oa, K = ki/ky, (Figure 6-3; Chart 3), is small. The cryoannealing experiments only
give kp, not k;, but as a rough quantitative estimate of K., we assign the relative
concentrations of E4(2N2H) and E4(4H) during turnover under low N, partial pressure to
the zero-time values determined by the fit to the annealing kinetics (Figure 6-9),
E4(2N2H)/E4(4H) ~3/2, in keeping with the conclusion (vide supra) that the forward and
reverse steps of the re/oa equilibrium are rapid compared to other steps in the catalytic

cycle (Figure 6-1). In this case we can rewrite eq 2 to approximate K as,

_E,(2N2H) P(H),)
" E,(4H) P(N,)

(6-3)

The N, partial pressure is fixed by the experimental conditions; earlier observations
suggest that saturating concentrations of H, are formed during turnover under all P(N,),

which suggests an effective P(H.,) ~ 1atm.’® As a result, one obtains:

3 ~1
Ko (~ 2 o5) ~ 20 (64

A, G’ =-RTIn(K,,) ~ -2 kcal / mol (6-5)

re



226
The LT kinetic measurements likewise yielded values for the re process: Ky ~ 0.7
and AG® ~ +0.2 kcal/mol.>* Given the difference in methodologies — direct observation
of species in equilibrium in the present study, analysis of turnover kinetics in the former —
and the differences in origin of the MoFe proteins — Azotobacter vinelandii in the present
study and Klebsiella pneumoniae in the former - we consider the measurements to be in
excellent agreement: nitrogenase catalysis, driven by the re of H,, turns the highly
endothermic first step in the reduction of the N triple bond, (to the diazene level) into the
essentially thermoneutral re/oa equilibrium conversion of Figure 6-3.
Conclusions/Summary
The re/oa mechanism for N, reduction by nitrogenase postulates that the
reduction of the N triple bond to a 2N2H (diazene) level is driven by the obligatory
formation of one H, for each N, reduced. This proposal was based on identification of a
FeMo-co S = ¥ state trapped during turnover of the a-70V?>"® MoFe protein as the Janus
intermediate: the E4(4H) state, which stores four reducing equivalents as two [Fe-H-Fe]
bridging hydrides. Once this identification is made, then the LT E4(4H)«>E4(2N2H)
equilibrium (Figure 6-1) ceases to be a ‘mystery’: the connection with the organometallic
chemistry of metal-dihydride complexes identifies this process as the mechanistically
coupled reductive elimination (re) of H, (Figure 6-3). The H, formed during re carries
away two of the four reducing equivalents stored in E4(4H) and drives the reaction, while
the metal-ion core of FeMo-co becomes activated to reduce N, through the simultaneous
acquisition of two reducing equivalents. The mechanism was first supported by its

proposed explanation of the Key Constraints of Chart 1, and then two new predictions
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regarding turnover by WT MoFe were promptly verified,***®

adding direct experimental
support.

As we now summarize, the present report establishes the presence of Janus in WT
enzyme, its participation in N, reduction, and the operation of the re/oa equilibrium
during N, reduction. Experiments on WT enzyme further show that this mechanism
satisfies all the Key Constraints imposed on N, reduction by decades of careful study by
others summarized in Chart 1 and that the re/oa equilibrium in WT MoFe is indeed
kinetically and thermodynamically reversible, thereby establishing the role of the re/oa
equilibrium in N, reduction (Figure 6-3).’

(i) EPR/ENDOR, and photophysical measurements establish that the intermediate with
g1 = 2.15 trapped during nitrogen fixation by WT MoFe in fact is the E4(4H) Janus
intermediate of N, reduction, which has accumulated four reducing equivalents stored as
[Fe-H-Fe] bridging hydrides, whose properties are identical to those of the Janus
intermediate first trapped in the o-70¥®>"® MoFe variant. This observation thereby
establishes the freeze-trapped a-70Y¥>" Janus intermediate as a reliable guide to
mechanism, but most importantly, enables direct observation of the participation of the
Janus intermediate in N, reduction and the re/oa process during catalysis by the WT
enzyme. The new findings and conclusions that build on this foundation are summarized
next.

(it) Examination of the isotopic composition of WT Janus during turnover in H,O buffer
under D, (or D,O buffer under H,) establishes that oa of D, from the gas phase by

E4(2N2H) accumulates E4(2D";2H"), with two [Fe-D-Fe] bridges and two bound protons
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from solvent (or E4(2H7;2D")) (Figure 6-3), and that the bridging hydrides/deuterides do
not exchange with solvent during turnover. This demonstrates experimentally that the
re/oa mechanism accounts for the longstanding Key Constraints on mechanism, Chart 1,
(1),@ii)b,c.

(iii) The observation and successful modeling of the entire relaxation pathway of WT
enzyme by which E4(2N2H) relaxes to the resting-state, Eo, including the oa of H,, to
form Janus with release of Ny, and two subsequent steps of hydride protonation each with
release of H,, Figure 6-1, eq 6-2, demonstrates the kinetic reversibility of the re/oa
equilibrium, Figure 6-3, Chart 3, and shows that re/oa satisfies the last of the Key
Constraints, (ii)a, in addition to confirming that it satisfies (ii)c.

(iv) An estimate of the free energy for the re of H, by FeMo-co that has accumulated four
reducing equivalents, with reduction of N, to generate a 2N2H-level species (Figure 6-3)
in WT enzyme, quantifies the thermodynamic reversibility of the first step in the
reduction of N, by nitrogenase: this reaction is essentially thermoneutral, ArG® ~ -2

kCal/M, whereas direct hydrogenation of gas-phase N is highly endergonic.®

In summary, in this report we have described the central mechanistic steps by
which the WT nitrogenase carries out one of the most challenging chemical

transformation in biology, the reduction of the N=N triple bond.
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CHAPTER 7
SUMMARY AND FUTURE DIRECTION
The researches presented in this dissertation address some of the fundamentals
associated with the delivery of electrons and protons to the FeMo-cofactor of nitrogenase
and how these accumulated electrons and protons are used through variety of
mechanisms for the reduction of dinitrogen (N) and carbon dioxide (CO,). ™ The major
findings from these researches are summarized as follows:
Chapter 2

e The addition of each electron to the FeMo-cofactor is associated with a concerted
proton transfer and the two events are indistinguishable even at 77 K.

e The FeMo-cofactor undergoes the conformational change after the addition of two
electrons and protons that leads to the formation of an iron hydride (Fe-H) bond.

Chapter 3

e Formate is the major product formed by hydride transfer mechanism during the
reduction of carbon dioxide by nitrogenase.

e Carbon monoxide, on the other hand, is formed through a less favorable
mechanism called as an associative pathway that involves the deprotonation of
metal hydride.

e Metal hydride of nitrogenase preferentially reacts as a hydride species but can
also act as a source of proton.

Chapter 4

e Formate is an end product while carbon monoxide can accept further electrons
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and protons to form methane.
Stabilization of formyl intermediate is the key for the reduction of carbon dioxide
to methane.
Nitrogenase uses different mechanisms to activate varieties of carbon containing
substrates but ultimately funnels the reduced intermediates into a common

pathway.

Chapter 5

Photons (A=450 nm) activate dihydride on the FeMo-cofactor to undergo
reductive elimination.

During reductive elimination, one or both of the hydrides has to overcome an
activation barrier as revealed by a strong kinetic isotope effect.

The activated state generated after the photolysis can be reversed back to the

dihydride state with 100% efficiency through an oxidative addition mechanism.

Chapter 6

Amino acids substitution around the FeMo-cofactor does not alter the photo-
chemical properties of the dihydride state.

Nitrogenase activates and cleaves the N-N triple bond of the dinitrogen molecule
through a kinetically and thermodynamically reversible  reductive

elimination/oxidative addition mechanism.

Based on these findings, it is obvious that metal hydrides are crucial to the

nitrogenase catalysis. Understanding how the metal hydride on the FeMo-cofactor react

with the substrate and what factors modulates its reactivity are fundamental not only to
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gain insights into the nitrogenase catalysis at molecular detail but also in rational
designing of an ideal catalyst that can efficiently function for varieties of substrate
reduction, including dinitrogen and carbon dioxide. In this regards, several studies are
under progress which would serve which will be discussed here as guidelines for future

work.

Probing the reactivity of metal hydride

The major obstacle in probing the reactivity of metal hydride under different
chemical environments introduced by amino acid substitution around the FeMo-cofactor
is the Fe protein cycle. The release of phosphate during dissociation of Fe protein from
MoFe protein governs the rate of overall catalysis and hence any chemical or physical
perturbation introduced in the system to probe the reactivity of metal hydride is obscured

by the Fe protein cycle.

Current Density (J ) / (WA cm?)

E (V vs. SCE)

Figure 7-1: Cyclic voltammetry (CV) for WT MoFe protein. CV for WT MoFe
protein was collected using cobaltocene as an electron mediator. The magnitude of
current decreased with increasing the mole fraction of D,O. The ratio of current in H,O
vs. D,O at -1.25 V gave a normal solvent isotope effect of ~2.2. No isotope effect was
observed by the reduction of cobaltocene only. Condition:- 250 mM HEPES pH=7.4 (or
pD=7.4), 667 uM Cc" and scan rate of 2 mV/s.
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To overcome this challenges and reveal the substrate reduction occurring at the

active site as the rate limiting step, delivering the electrons to the FeMo-cofactor through
photo excitation or electrode might be a feasible strategy.*® Our preliminary
experiments with mediated electrocatalysis demonstrate that the solvent kinetic isotope
effect observed on H, formation (H,O vs. D,0) by nitrogenase confirms that under this
condition the substrate reduction is the rate limiting step (Figure 7-1).> In  addition,
the linearity of proton inventory curves for variants of MoFe protein further insights into

the single proton transfer being involved in the rate limiting step (Figure 7-2).
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NifX-FeMo-co

04 1 1

n

Fi%u re 7-2: Proton Inventory for WT (Red), B-98" (Magenta), a-70"® (Green), a-
70"%/4-195%"" (Blue) MoFe protein and nifX-FeMo-co (Black). X axis represents mole
fraction of D,O while Y axis represent the ratio of current at n™ fraction of D,O to current
at 0 % DO (i.e. Pure H,0O). The black lines are fit to the equation defined as kq/ko= 1+n-
gn where n represent mole fraction of D,O and q is the inverse of KIE obtained for each
catalyst. A linear fit for all the catalyst tested suggest that (i) a single H transfer is
involved in the transition state of the rate limiting step (ii) the mechanism remains
unchanged for all the catalyst and (iii) amino acids around FeMo-co electronically
couples to modulates the reactivity.

In our previous study we have established that the flow of current in these

experiments corresponds to the steady state rate of H, formation.’> In addition,
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annealing/EPR and the gquantum mechanical calculation (Chapter 3) have shown that
protonolysis of metal hydride is the most likely mechanism for the formation of H,
during nitrogenase catalysis. " Hence, the data shown in Figure 7-2 that corresponds to
a single proton transfer in the transition state of the rate determining step is consistent
with the breakage of Fe-H bond as the rate limiting step during the hydride protonolysis.
However, the same data can also be envisioned as the kinetic isotope effect on proton
coupled electron transfer.

Therefore, the future direction for this research area is to determine the origin of
Kinetic isotope effect. This is achieved by monitoring if any Kinetic isotope effect exists
in the transfer of electron from the cobaltocene to the MoFe protein, most likely using
UV-Vis spectroscopy. If there is no kinetic isotope effect on the proton coupled electron
transfer then the breakage of Fe-H is solely the rate determining step and the difference in
the magnitude of KIE must therefore reflect the strength of iron hydride bond i.e., the
observed KIE is proportional to the amount of energy needed to break Fe-H bond. Hence,
if breakage of ion hydride is the rate limiting step than monitoring the KIE using this
strategy on different variants of MoFe protein provides a direct measurement to probe the
modulation of reactivity of iron hydride bond with the change in the chemical
environment. Also, this technique allows comparing the reactivity of hydride among
different types of nitrogenase (FeFe, VFe and MoFe). Recent studies have already
demonstrated that, unlike MoFe protein, VFe protein shows higher catalytic efficiency
toward CO/CO, reduction but relatively less efficient for N, reduction.®™ We

hypothesize that the difference in the catalytic selectivity of different nitrogenase is the
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function of the reactivity of iron hydride on their respective active site. Hence, this
research would provide the molecular details on nitrogenase catalysis by directly probing
the reactivity of metal hydride.

Mechanism of CO; reduction

As discussed in Chapter 3 and 4, quantum calculations suggest that carbon
dioxide is reduced to carbon monoxide and formate by two different mechanisms, namely
the associative pathway and the direct hydride transfer respectively. However, there are
no experimental data to validate these theoretical predictions. One of the strategies is to
trap the intermediates during steady state turnover and characterize the trapped
intermediates using various advanced spectroscopic technigques. Such a strategy has
proven extremely successful in elucidating the mechanism of N, reduction by
nitrogenase. Therefore, as a future direction to understand the mechanism of carbon
dioxide reduction by nitrogenase, it is essential to trap and characterize the intermediates
along the reaction pathway. This may be achieved by freeze-quench technique in which
variants of MoFe protein are turnover under carbon dioxide atmosphere at different
conditions (change in pH, substrate concentration, temperature, and Fe protein
concentration) and rapidly freezing the samples at liquid nitrogen temperature. If any
paramagnetic species is trapped, advanced spectroscopy techniques like ENDOR or
ESEEM can be used to characterize the chemical identity of the trapped intermediate.

Establishing the kinetics of carbon dioxide binding, activation and reduction by
nitrogenase is another critical aspect of the mechanism. Carbon dioxide is a

symmetrically linear molecule but due to the asymmetric C=0 stretching and C=0
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bending mode, it is active in infrared (IR) spectroscopy.'” Hence, monitoring the time
resolved IR spectrum using Stop-Flow IR instrument, the kinetics of different steps
involved in carbon dioxide binding, activation and reduction to either carbon monoxide
or formate can be established. In addition, the change in the kinetics with amino acid
substitution around the FeMo-cofactor or using different nitrogenase (FeFe or VFe)
would further insight into the role of the amino acid or the heterometal on the carbon
dioxide reduction by nitrogenase. Finally, the involvement of metal hydride or the proton
transfer in any step of carbon dioxide reduction can also be probed by measuring the
solvent Kkinetic isotope effect (H,O vs. D,O) on the formation or the decay of IR active
species. All these information are valuable to establish or refine the mechanism proposed
in Chapter 3 and 4.

Also, mentioned in Chapter 3 and 4, nitrogenase is the only single enzyme that
reduces carbon dioxide to three different products (carbon monoxide, formate and
methane). Formate is water soluble, non-toxic, source of energy, and starting material for
various synthesis and hence there is a considerable interest in designing a catalyst that
reduces carbon dioxide to formate.™ In literature, several molecular catalysts are reported
that are kinetically able to catalyze carbon dioxide to formate but the thermodynamics for
these reactions are generally favored in the reverse direction.** This prevents efficient
conversion of carbon dioxide to formate. Interestingly, the reduction of carbon dioxide to
formate by molybdenum nitrogenase is an irreversible process as required for an ideal
catalyst but this process suffers from a lower catalytic selectivity. On the other hand,

there is no information on vanadium or iron-iron nitrogenase on their efficiency and



239
catalytic selectivity for carbon dioxide reduction to formate. Hence, as a future direction
for this research, the catalytic selectivity of all three nitrogenase toward formate
formation should be measured. This information not only translates in designing of an
efficient catalyst for carbon dioxide reduction to formate but also helps in understanding
the reactivity of metal hydride formed on the cofactor of different nitrogenase.

Finally, applying the established mechanistic knowledge to tune the catalytic
selectivity of nitrogenase toward formate would be another future direction for this
research area. Nitrogenase reduces carbon dioxide to both formate and carbon monoxide.
However, due to high affinity of carbon monoxide for the reduced FeMo-cofactor, it acts
as a potent inhibitor for the reduction of carbon dioxide to formate. This is evident by a
strong inhibition of formate formation in presence of externally added CO at a relatively

low concentration (Figure 7-3).
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Figure 7-3: Inhibition of CO, reduction to HCOO' in presence of CO. The formation
of HCOO ' is significantly inhibited when the WT MoFe protein is turnover in presence of
200 mM HCOg3 with 1% CO atmosphere relative to Argon atmosphere. Condition: 1 mg
MoFe protein, 1 mg Fe protein, 200 mM HCOj3", +/- CO, and 60 min. reaction time.

We, therefore, hypothesize that inhibition of carbon monoxide formation during



240
carbon dioxide reduction should favor formate formation. To gain the preliminary result,
we explored one of the critical aspects of CO formation i.e., the electrostatic stabilization
of the high energy transition state by a-96™ residue as explained in Chapter 3. As
predicted, the substitution of 0-96"" by His resulted in the MoFe protein that did not
catalyze any CO formation and diverted about 50% of total electron flux toward HCOO"

formation (Figure 7-4).
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Figure 7-4: Showing electron distribution during CO; reduction by different
variants of MoFe protein. Lack of CO formation in a-96™"° MoFe protein favors high
electron distribution toward HCOO'. As controls, data with 0-70*and a-70*%/ 0-96™*
MoFe proteins are also shown. Similar to 0-96"™ MoFe protein, both these variants
increases substrate accessibility to the active site but less electrons are diverted toward
HCOO" as both variants makes CO. Conditions: 1 mg MoFe protein, 1 mg Fe protein,
200 mM HCOg, and 60 min. reaction time.

However, the quantum mechanical calculations predict that if the steric hindrance
around active site of nitrogenase is relieved, there is no barrier for the formation of
formate. This means that it is thermodynamically possible to transfer 100% of electrons

toward formate. One of the barriers might be the energy required for the transport of the

carbon dioxide from solvent to the FeMo-cofactor. Such barrier have previously been
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demonstrated for the transport of N, to the FeMo-cofactor.™ Similar computational
studies should be carried out for the transport of carbon dioxide to the active site. Such
studies will provide a guide to make appropriate amino acid substitutions around the
substrate channel that ultimately enhances the catalytic selectivity of nitrogenase toward
formate formation.

Mechanism of N, reduction

On Chapter 5 and 6, we established that nitrogenase is activated for N, activation
and reduction through a kinetically and thermodynamically reversible oxidative
addition/reductive elimination mechanism.*® During these studies, we are able to
photolyze the trapped dihydride intermediate and thus generate one of the key states of
the FeMo-cofactor known as S state. Ongoing computational studies have shown that the
S state is thermodynamically favorable to bind N, and promptly hydrogenate it to the
diazene level intermediate. Therefore, it is essential to accumulate atomic level
information on S state to understand nitrogenase catalysis. ENDOR (°’Fe/*Mo)
complemented with Mdssbauer spectroscopic (°'Fe) studies on the S state generated on
%"Fe or ®Mo enriched a-70" MoFe protein would be ideal to understand the electronic of
the FeMo-cofactor. In addition, Mo and Fe EXAFS on the S state would further insight if
any conformational distortion has occurred within FeMo-cofactor before and after the
reductive elimination of dihydride.

ENDOR studies on the trapped dihydride intermediate have suggested that the
two dihydride are on bridging geometry. However, ENDOR data were collected at very

low temperature (4-12 K). Ongoing computational studies show that there is a very low
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energy barrier for the transition of bridging hydride to terminal and therefore it is rational
to imagine that the dihydrides might be fluctuating through different conformations at the
room temperature. Our preliminary data collected through Nuclear Resonance
Vibrational Spectroscopy (NRVS) at 60 K have already hinted two different
conformations of dihydride; one being terminal and other bridging. A future direction for
this study would be to simulate the vibrational spectrum using quantum mechanical
calculations and match with the experimental data followed by complementing it through

'H/’?H ENDOR study on dihydride intermediate at 60 K.
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EXPERIMENTAL METHODS
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Mediated-Electrocatalysis of Nitrogenase

Nitrogenase is O, sensitive and hence all the experiments must be performed in an

anaerobic environment using Argon filled glove box.

Stocks Preparation

e Dissolve Poly vinyl amine (PVA) in 250 mM HEPES pH=7.4 to make the stock
of 10 mg/mL. Adjust the pH back to 7.4 if there were change in pH.

e Mix ethylene glycol diglycidyl ether (EGDGE) with 250 mM HEPES pH=7.4 to
make the stock of 10% (v/v).

e Dilute MoFe protein to 20 mg/mL in 250 mM HEPES pH=7.4.

e Dissolve Bis(cyclopentadienyl) cobalt (11) in 250 mM HEPES pH=7.4 to make
final concentration of about 10 mM.

Polishing the Electrode

e Glassy carbon electrode with 3 mm diameter is used for the experiment.

e The electrode is first rinsed with distilled water then polished using 0.5 micron
alumina slurry made in water. Polishing for 30 s to 60 s in “8” fashion is enough.
Rinse the electrode again with water to get rid of any adsorbed alumina. At this
point, the surface of the glassy carbon should look shinny. If not, repeat the
process.

Adsorbing protein on the electrode surface

e Ina 500 pL Eppendorf tube add 15 pL. of PVA (10 mg/mL) followed by 2 pL of
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EGDGE. Immediately add 15 pL of MoFe Protein (20 mg/mL), mix them well
and drop-cast 5 puL of this mixture on each electrode surface. Let the mixture dry
on the surface of electrode. Depending on humidity of the glove box, drying
process usually takes 1 to 2 hrs.

e EGDGE, a diether, crosslink free amine of PVA and protein while the
hydrophobic backbone of PVA adsorbed with glassy carbon surface. Hence,
during this process protein is encapsulated in the PVA matrix while the matrix
adsorbed physically on the glassy carbon surface.

Electrocatalysis

e Take 3to 5 mL of 250 mM HEPES pH=7.4 in a 10 mL beaker. HEPES acts as
both buffer and electrolyte.

e Dip the Platinum wire or mesh in the buffer and connect it to the counter
electrode wire (black wire).

e Also, dip the Saturated Calomel Electrode in the buffer and connect it to the
reference electrode (Faint pink wire).

e Dip the electrode in the buffer that has dry protein cast on it and connect it to the
working electrode wire (Red wire). Avoid touching of working electrode to the
bottom of the beaker. The protein cast swells when dipped in the buffer and slight
abrasion can cause the loss of the protein from the PVA matrix. This will decrease
the catalytic efficiency.

e Add Bis(cyclopentadienyl) cobalt (11) to an appropriate concentration. Usually,

for this system it requires 600 pM of Bis(cyclopentadienyl) cobalt (II) to reach



247
saturation.
e Add the substrate if needed at this point.
e Turn the potentiostat on.
e Start the Nova 1.1 program. It should now display on bottom left corner that the
software is connected with the potentiostat.
e Click on “Setup View” icon. 4" on the tool bar.
e Select “cyclic voltammetry (CV) potentiostatic” option. On the right window set
the parameter as below:
Set Potential (V) =-0.8
CV Staircase
Start Potential (V) =-0.8
Upper vertex potential (V) =-1.35
Lower Vertex potential (V) =-0.8
Number of stop crossover = 2

Scan rate (V/s) =0.002

e Click on start bottom (left bottom) to initiate the experiment.

e The data are automatically saved which can be accessed using “Analysis view”
icon located on the 7" position of the tool bar.

Processing data

e Click on “Analysis view” icon.

e Select the spectrum. The most recent ones are on the bottom of the list.
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Click on “I vs E” option on the middle left box. A plot of Current vs Potential
appears on the right window.
Right click on the spectrum and select “copy data to the clipboard”.
Open notepad and paste the data. Save the note pad.
Open Sigma plot. Select “import file” option on left top corner. Select the notepad
file to open. Click on open. A new window appears. In this window select “white
spaced” option and hit enter. The data display in sigma plot with two columns,
left being the potential and right being the corresponding current.
Plot the graph.
At this point, the current is in its absolute value. However, normally they are
represented as current density [ J/ pA cm™] which can done by simple
mathematical manipulation. The diameter of electrode is 3 mm. Thus, the area of
electrode surface is .007 cm™ . Thus factoring out the absolute current by

.000000704 changes the absolute current to the current density.

Kinetic Isotope effect

The CV is taken exactly as described above. First the CV is taken with 2 mL
100% D,0O with 200 mM HEPES pD=7.4. Then, 100% H,0 with 200 mM
HEPES pH=7.4 is added on successive order to change the mole fraction (n) of
D0 in the following order, n=1, .75, .5, .25, and 0. 0 mole fraction of D,0O
means pure H,O. During this experiment, the concentration of
Bis(cyclopentadienyl) cobalt (II) is kept constant at 667 uM. The ratio of current

at -1.25 V in H,0 vs D,0 gives the kinetic isotope effect. In addition, the plot of
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current at -1.25 V in Y axis with mole fraction of D,0 in X axis gives a plot that
can be fitted to one, two or multiple transfer events. The plot with an appropriate

fit is called “proton inventory curve”.

Electron Paramagnetic Resonance Spectroscopy

Liquid helium cryostat operation

1.

2.

3.

Two days before the experiment pump the transfer line vacuum (overnight).

One day before the experiment pump the cryostat vacuum (overnight).

Install the cryostat in the magnet (follow Bruker instruction video).

Start nitrogen flow: do not adjust flow — it is already set, just open the main valve

— the flow will be minimal. This is just simply to keep the wave guide flushed

with nitrogen and to keep it void of moisture (water absorbs microwaves).

Fill up the nitrogen Dewar in the back of the magnet for the temperature

reference.

Turn on the ITC temperature controller.

Insert He transfer line into the He transport Dewar.

7.1 Open the black He valve on top of the transfer line. DO NOT CONFUSE IT
WITH THE VACUUM VALVE! Put the nut and O-ring onto the transfer line
“leg”.

7.2 Open the top valve and start inserting the “leg” Proceed VERY SLOWLY
(inserting of the entire length should take about 3-5 minutes).

7.3 Check He flow by inserting of the transfer line tip into the bottle with ethanol
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— you should be able to clearly observe bubbles.

8. Carefully insert the transfer line into the cryostat. Do not tighten the screw yet.

9. Connect the white vacuum tube to the transfer line and start the gray membrane
(GAST) pump on the floor. It will start pulling helium through cryostat.

10. Helium is now flushing the system. Do not tighten the transfer line connection
until the sound of the pump dramatically changes. You should be able now to
observe temperature dropping at significant rate.

Startup and tuning procedure

1. Turn on water chiller
1.1 Open water valve
1.2 Turn on the chiller pump and make sure that the orange FULL light is lit. If it

is not full, open the cover and add distilled water.

2. Turn on the spectrometer
2.1 Turn on the switch on the wall.

2.2 Turn on switches on the back of the spectrometer cabinet and microwave
bridge.

2.3 Turn on switches on the front of the cabinet and magnet power supply.

2.4 Start spectrometer control software on the computer. It should be able to
communicate with the spectrometer.

3. Open the microwave bridge control dialog box. Click the button labeled MW in
the tool bar. The microwave bridge control dialog box will appear (Fig. 1)

4. Switch the microwave bridge to Tune mode. The bridge status indicator shows the
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three states for the bridge, Stand By, Tune, and Operate (Fig. 1). The bridge is

now in the Stand By mode. Click the Tune button

Figure 1

The Microwave Bridge Control dialog box.
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5. Set the microwave attenuator to 25 dB by clicking the arrows on either side of the

attenuation display (Fig. 1). The arrows on the left side change the attenuation in

10 dB steps; the arrows on the right side change the attenuation in 1 dB steps.

6. Observe the mode pattern on the display monitor. It should resemble one of the

mode tuning patterns in Fig. 2. If the amplitude is too small increase the



252
microwave power in 1 dB steps by decreasing the attenuation. If it is too large,

increase the attenuation in 1 dB steps.

a)

Figure 2

Mode Tuning Patterns for the Microwave Source
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11.

12.
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a) off resonance b) slightly off resonance c) on resonance, phase 180° off d)on
resonance 90° off €) on resonance, correct phase, undercoupled f) on resonance,
correct phase, overcoupled g) on resonance, correct phase, critically coupled.
Adjust the Frequency slider bar to locate and center the mode pattern “dip” on the
display monitor. By centering the “dip” on the display monitor, the microwave
source is set to oscillate at the same frequency as the cavity resonant frequency.
Clean the sample tube to be inserted into the cavity by wiping the outside of the
tube with tissue paper. It is vital to avoid contamination of the cavity as
paramagnetic contaminants may result in spurious EPR signals or baseline
distortions.
Switch to Stand By. Insert the sample tube carefully into the cavity. The tube
should be slightly loose before you tighten the collet nut. The bottom of the tube
should rest in the indentation on the pedestal or in the sample holder (cryostat
operation). Tighten the collet nut to firmly hold the sample tube in place. Switch
back to Tune.
Retune the microwave source by repeating the procedure of Step 7. You may
notice a shift in the frequency, width, and depth of the cavity “dip” when you
insert the sample.
Tune the signal (reference) phase. Adjust the Signal Phase slider bar (Fig. 1) until
the depth of the “dip” is maximized and the “dip” looks somewhat symmetric
(Fig. 2). The phase will be fine-tuned later.

Click the Operate button in the dialog box. Adjust the Frequency slider bar until
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the needle of the AFC meter (Fig. 1) is centered. Sometimes the needle may rush
off to the right or left edges of the meter. This happens when the AFC (Automatic
Frequency Control) is no longer locked. If this happens, click the Tune button,
repeat Step 10, and then try again.

Adjust the bias level. Change the microwave attenuation to 50 dB. Adjust the Bias
slider bar (Fig. 1), until the Diode meter needle is centered. The center
corresponds to 200 microamperes of diode current. Sometimes the AFC meter
may rush off either to the right or left and lose lock at 50 dB. In most case, the
AFC will lock again at higher power levels. If not, switching between Operate
and Tune modes and back again at 30 dB attenuation will lock AFC once more.

Match the cavity for maximum sensitivity. If the cavity and waveguide are truly
matched (or critically coupled), the reflected microwave power seen by the
detector should remain constant (i.e. 0) when we vary the attenuation. This is the
criterion we use for critical coupling. The coupling is controlled by adjusting the
iris screw. First, increase the microwave power by 10 dB (i.e. attenuator setting
40 dB). Click the 1 or | iris buttons until the diode current again returns to 200
microamperes. Repeat the procedure (-10 dB steps) until you have reached an
attenuator setting of 10 dB. You will notice that as you increase the power, the
diode current becomes more sensitive to the position of the iris screw. Another
thing you may notice is that the AFC meter also changes with the iris screw
position. Simply adjust the frequency slider bar until the needle is centered again.

When you have reached 10 dB attenuation, adjust the Signal Phase slider bar until
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you achieve a local maximum in the diode current. You should not have to adjust
it very much. Verify that you have achieved critical coupling by changing the
attenuation from 10 dB to 50 dB with virtually no change in the diode current.

Repeat the matching and bias level adjustment procedures if necessary.
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