
 

Chemists reveal one mechanism of
dihydrogen production by nitrogenase
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Schematic illustration of how H2 is formed from one of the reaction enzymatic
intermediates (E2) to regenerate the resting state (E0) of the nitrogenase catalytic
cofactor, called FeMo-cofactor. The hydrogen atom bound to one of the sulfur
atoms initiate a journey that will take it to meet with the partner with which it
will form the H2 molecule: one hydridic hydrogen patiently waiting, sitting
between two Fe atoms. Credit: Pacific Northwest National Laboratory

Nitrogenase is central to life on our planet. It provides most of the
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nitrogen (N) that is used in proteins and nucleic acids and it's essential in
creating plants, animals and other organisms, making ammonia (NH3)
which is then used in the biosynthesis of amino acids and then proteins.
But while nitrogenase is at work, it's also creating something else:
dihydrogen (H2). Scientists have known for some time that nitrogenase
makes H2 by two different processes. Now, one of these processes is
clear through the work of a team of researchers who studied the
mechanism for H2 production.

Nitrogenase will make H2 if run in the absence of N2. This has been
viewed as a "relaxation" of the enzyme active site that is charged with
iron-hydrides that are needed for the N2 reduction reaction. But what is
the mechanism for how the nitrogenase active site iron-hydrides relaxed
to make this H2? A team of scientists from Pacific Northwest National
Laboratory, Utah State University, Northwestern University, and the
University of Utah sought to understand this H2 relaxation mechanism
by monitoring the effects of hydrogen (H) vs deuterium (D) on the
kinetics of H2 formation when nitrogenase is attached to an electrode.
The team discovered that a nearby H+ was actually the active partner in
the production of H2 when it combines with the iron-hydride to make
H2.

"Only one proton does everything, the hydride is just a mere spectator
waiting for some action," confirmed Simone Raugei, a PNNL scientist
involved in this work.

This is an important step toward understanding nitrogenase and how and
why the production of H2 is required for its activity. It also illustrates a
strategy for mechanistic study that can be applied to other
oxidoreductase enzymes and to biomimetic complexes.

To isolate the kinetics of hydrogen production, a team led by Lance
Seefeldt, Brian Hoffman, Shelley Minteer, and Simone Raugei used
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small molecules to quickly shuttle electrons from an electrode to the
catalytic half of nitrogenase. Following the proton reactions was a tricky
and challenging task, said Seefeldt, so to ensure accuracy they monitored
the proton "inventory" (the number of hydrogens involved in the
catalytic production of H2) by performing kinetic hydrogen/deuterium
kinetic measurements.

The results of the experiments suggested that only one hydrogen was
actually involved in the rate-limiting step of H2 formation, and not two
as the stoichiometry of the reaction indicates.

The team's experimental observations were upheld through 
computational chemistry, which provided a detailed atomistic
description of the reaction mechanism. There are 2 types of hydrogens
in the catalytic cofactor (called FeMo-co): one located in a bridging
position where it binds to two iron atoms (a bridging hydride), and one
on a nearby sulfur atom ligands (basically a protonated sulfur atom: S-
H). It turns out that during H2 evolution, the latter is the active partner.
The S-H bond breaks and the resulting H+ moves toward the bridging
hydride and protonates it forming H2: The calculations provide an
explanation of the experimental observation that only one hydrogen is
"active," while the other is a mere spectator waiting for the arrival of its
partner.

"The level of agreement between the observations and the computational
chemistry results was remarkably high," said Raugei.

This work is a critical step toward a mechanistic understanding of the
nitrogenase enzyme. There is still work to be done to understand the
mechanism of the other H2 evolution process that leads to N2 binding,
activation, and reduction to NH3.

  More information: Nimesh Khadka et al. Mechanism of Nitrogenase
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