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Electron bifurcation provides ancient bacterial lineages with enhanced energy efficiency,
which we would like to harness. The two flavins in bifurcating electron transfer flavoproteins
(Bf-ETF) have contrasting reactivities and play complementary roles, despite being
chemically identical. Cutting-edge infrared spectroscopic techniques combined with quantum
chemical calculations are proposed (1) to understand how hydrogen bonding between
protein and flavin shape reactivity of the flavin (2) to determine whether a conserved nearby
cysteine interacts with the bifurcating flavin and/or the conserved arginine that is also nearby
and (3) to test the effects of protein conformational change on the flavins. We propose that
redistribution of hydrogen bonds triggered by flavin oxidation state change in turn initiates a
protein conformation change that orchestrates electron transfer. This work will occur at the
FU and be closely linked to computational studies in the group of Maria Andrea Mroginski
(TU), with proteins to be provided by our collaborator Anne-Frances Miller (University of
Kentucky and Einstein Visiting Fellow).
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1. Overall goal of the project

The two flavins in Bifurcating Electron Transfer Flavoproteins (Bf-ETF) are chemically identical
flavin adenine dinucleotides (FADs), so their distinct activities must be created by the different
interactions each derives from its different protein environment. These interactions are
predominantly hydrogen bonding (H-bonding) interactions, and moreover are expected to
change in the course of enzyme turnover because the protonation states of the flavins change
depending on their oxidation states. Thus, we want to understand how the two flavin-binding
sites of the Bf-ETF protein differ with respect to the H-bonds they make with their flavins.
Infrared spectroscopy (IR) is perfectly suited to the task because it directly detects the
protonation states and H-bonding functionalities. We will apply in-situ electrochemical FTIR
difference spectroscopy and also exploit the fact that the flavin can be converted from oxidized
(OX) to anionic semiquinone (ASQ) by illumination.! Thus, the H-bonds to the flavin will be
affected but not the others in the protein. In addition, cyano derivatives of the flavins will be
used as vibrational Stark effect probes to test the prediction of large changes in the
environments of the two flavins induced by a conformational change, and by binding of partner
proteins. Interpretation and analysis of the spectroscopic signals will be aided by quantum
chemical calculations. Thus we will learn how the protein shapes the environments and thereby
the reactivities of the two flavins, to enable them to play different roles.

2. State of the art

Bifurcating Electron Transfer Flavoproteins (Bf-ETF) exploit the remarkable versatility
of the flavin cofactor regarding its ability to conduct either pairwise or sequential electron
transfer. One of the two flavins, the 'electron transfer' flavin (ET-flavin) transfers electrons one
at a time thanks to a stable anionic semiquinone (ASQ) one-electron reduced state, whereas
the other flavin (the so-called bifurcating flavin or Bf-flavin), accepts electrons as a pair from
NADH and is thermodynamically very unstable in the semiquinone (SQ) state. They work
together to consume a pair of medium-strength electrons from NADH to produce one super-
reducing electron able to drive essential but demanding reactions such as nitrogen fixation or
production of H,. The laws of thermodynamics are satisfied by exergonic transfer of the other
electron to a partner enzyme, thereby paying for the production of reduced ferredoxin (or
reduced flavodoxin) that carries the super-reducing electron. This is nature's molecular voltage
converter, that enables cheap abundant fuels (NADH) to drive demanding chemistry (nitrogen
fixation).

Flavin-based bifurcation was recognized by Buckel and Thauer comparatively recently,
so the essential principles are still emerging.? A protein conformational change is proposed to
play a key role in preventing unproductive electron transfer between the two flavins.® Similarly,
destabilization of the SQ states of the Bf-flavin is believed to be crucial in enforcing strong
coupling between the two electron transfers from that site to two different acceptors.* Anne-
Frances Miller’s group has characterized the redox reactivity of the two flavins in the Bf-ETF
from the nitrogen-fixing bacterium Rhodopseudomonas palustris, including measurement of
the reduction midpoint potentials (E°s). They demonstrated thermodynamic suppression of the
SQ of the Bf-flavin® and tested experimentally and computationally which protein site harbours
which flavin function,® confirming the structure-based model.? Moreover the Miller group can
now produce Bf-ETF protein bearing mutations in the different flavin sites, and with either one
of the flavins missing, to permit uncomplicated observation of the other one. Thus, the stage
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and therefore can affect the reduction midpoint potential of the flavin. These experiments will
be complemented by time-resolved IR experiments, performed using our new quantum
cascade laser system?,

WP2 Obijective: to test for changes in the local electrostatics. FAD can be prepared with the 8-
methyl group replaced by a cyano group. Such modification does not perturb H-bonding
functionalities of the flavin on the uracil ring, but the C=N group is a highly informative IR probe
that is readily detected and very responsive to the local electrostatic field affecting the flavin.
Thus it is an excellent VSE (vibrational Stark effect) probe. In addition, the 8-methyl group of
the Bf-flavin is believed to protrude into the binding site of the electron-accepting ferredoxin or
flavodoxin.? If this is true, the CN of 8-cyanoflavin should respond strongly to binding of these
proteins. The Miller group has overexpressed the appropriate flavodoxin to enable these
experiments. Meanwhile, the 8-methyl of the ET-flavin is believed to contact another protein
domain when the Bf-ETF is in the conformation that favours bifurcation, but is proposed to be
exposed to solvent in a conformation proposed to occur at another point in turnover.® Thus we
will use IR spectroscopy to test for large-scale protein binding/dynamic events proposed to
occur as part of the catalytic cycle.

WP3 Obijective: to link spectroscopic information to atomistic structural models. The
experimental work described in WP1 and WP2 will be complemented by quantum chemical
calculations of Bf-ETFs and its variants using hybrid QM/MM formalisms. Special emphasis
will be given to the prediction of FAD vibrational resonances as well as estimation of the
strength of electric fields at the VSE probe.°
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