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Abstract

The human mitochondrial electron transfer flavoprotein (ETF) accepts electrons from at least 10
different flavoprotein dehydrogenases and transfers electrons to a single electron acceptor in the inner
membrane. Paracoccus denitrificans ETF has the identical function, shares the same three
dimensional structure and functional domains, and exhibits the same conformational mobility. It has
been proposed that the mobility of the αII domain permits the promiscuous behavior of ETF with
respect to a variety of redox partners. Double electron-electron resonance (DEER) measurements
between a spin label and an enzymatically reduced flavin adenine dinucleotide (FAD) cofactor in P.
denitrificans ETF gave two distributions of distances: a major component centered at 4.2 ± 0.1 nm
and a minor component centered at 5.1 ± 0.2 nm. Both components had widths of approximately 0.3
nm. A distance of 4.1 nm was calculated using the crystal structure of P. denitrificans ETF, which
agrees with the major component obtained from the DEER measurement. The observation of a second
distribution suggests that ETF, in the absence of substrate, adopts some conformations that are
intermediate between the predominant free and substrate-bound states.
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Protein structures are commonly determined by X-ray crystallography and NMR spectroscopy
but there are drawbacks to these methods. For example, some proteins can be crystallized, but
there are examples in which crystallization conditions generate non-biologically relevant
conformations.1,2 A complementary method of obtaining structural information for proteins
without growing crystals is site-directed spin labeling (SDSL) and pulsed electron
paramagnetic resonance (EPR) spectroscopy.3 Double electron-electron resonance (DEER)
experiments can provide information on the distribution of distances between two
paramagnetic sites in macromolecules (including nucleic acids) and has proven to be an
effective way to study the conformational changes induced by protein-protein interactions.4 In
most cases DEER measurements are made between two nitroxyl spin labels, such as MTSL
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl-methanethiosulfonate, Toronto Research
Chemicals), bound to cysteine residues introduced at desired locations by site-directed
mutagenesis.5

Interpretation of DEER data between two nitroxyls is complicated because both labels can
adopt multiple conformations. Utilizing a tightly bound, natural paramagnetic cofactor in place
of a spin label can lower the uncertainty that arises from the rotational freedom of a spin label.
Previously DEER has been used to determine a distance of 26 Å between flavin radicals in
augmenter liver regeneration (ALR) dimers.6 It has also been used to study complex formation
in E. coli ribonucleotide reductase by measuring the distance between a tyrosyl radical on the
R2 subunit and a radical formed by the inhibitor 2′-azido-2′-deoxyuridine-5′-diphosphate in
the active site of the R1 subunit.7 The work of Borovykh et al. on the photosynthetic reaction
center of Rhodobacter sphaeroides is the only example of DEER measurements between a
spin label and a tightly bound, natural organic cofactor; the photochemically generated anionic
semiquinone of QA.8 In the present study DEER was used to measure the distance between a
spin label and an enzymatically reduced flavin adenine dinucleotide (FAD) cofactor in electron
transfer flavoprotein (ETF) from Paracoccus denitrificans. Enzymatic formation of the anionic
semiquinone makes the method applicable to a larger number of proteins.

ETF (Figure 1) is a soluble heterodimeric flavoprotein located in the mitochondrial matrix. X-
ray crystal structures of human and P. denitrificans ETF are similar and both show 3 distinct
structural domains.9,10 Mammalian ETF contains a single FAD redox center, located in the
αII domain, which shuttles electrons from at least 10 different flavoprotein dehydrogenases to
the membrane-bound electron transfer flavoprotein ubiquinone oxidoreductase (ETF-QO).11,
12 Because of this promiscuous behavior it has been postulated that ETF must be able to adopt
a range of conformations. Evidence from low angle x-ray scattering suggests that the αII
domain of human and P. denitrificans ETFs can rotate by 30 to 50° relative to an axis defined
by domains I and III.13 Domain III is the β subunit and provides an anchoring recognition site
for the interaction between ETF and the electron donors and presumably also the electron
acceptor. The ability of the αII domain to rotate is proposed to permit the flavin-containing
αII domain to assume the most favorable position for electron transfer with a variety of electron
donors and its electron acceptor.

Site-directed mutagenesis was used to substitute Ala111 of the β-subunit of P. denitrificans
ETF with a cysteine. Unlike the mammalian enzyme, Paracoccus ETF has no exposed cysteine
residues, making it ideal for site-directed spin-labeling experiments. A111C ETF was spin
labeled using the cysteine-specific, nitroxyl spin label MTSL.5 Stoichiometric incorporation
of MTSL into A111C ETF was confirmed by continuous wave (CW) EPR spectroscopy (Figure
2a).

Spin-labeled A111C ETF was enzymatically reduced under anaerobic conditions at pH 8.0 to
FAD SQ−• using a coupled reaction with glutaryl-CoA and glutaryl-CoA dehydrogenase. FAD
SQ−• formation was followed by monitoring the increase in absorbance at 375 nm (Figure 2b).
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About 60 % of the ETF flavin was reduced to FAD SQ−• before decrease in the A375 indicated
disproportionation by the dehydrogenase/enoyl-CoA complex.14 The difference between CW
EPR spectra before and after reduction matches the spectrum of FAD SQ−• from unlabeled,
reduced wild-type ETF.

Four-pulse DEER measurements were performed at 60 K on a Bruker E580 spectrometer
equipped with a split-ring resonator and Oxford CF 935 cryostat. DEER data were analyzed
using the DeerAnalysis2008 program.15 Figure 2c shows the DEER trace at 60 K after
background correction. DEER data were fit using a single Gaussian model or Tikhonov
regularization.16 A better fit was obtained using Tikonov regularization (Figure 2c) than with
a single Gaussian (distribution centered at 4.3 nm). Two distributions of distances were
obtained from Tikonov regularization: a major component centered at 4.2 ± 0.1 nm and a minor
component centered at 5.1 ± 0.2 nm (Figure 2d). Both components of the distribution had
widths of approximately 0.3 ± 0.25 nm at half height. Uncertainties are estimates based on
variation with fitting parameters (see supporting information).

DEER results were compared with the crystal structure in the closed conformation (pdb id:
1EFP) using Insight II software (Accelrys). The distance between the C4a of the FAD (the
approximate centroid of spin density) and the N-O group of the MTSL at position 111 is
approximately 4.1 nm. This distance is in agreement with the center of the major distance
distribution found in the DEER experiment. P. denitrificans ETF bound to MCAD (medium
chain acyl-CoA dehydrogenase) was modeled using the structure of the human ETF:MCAD
complex (pdb id: 2A1T) as a template.17 This model predicts that there would be a change of
about 1.6 nm in the interspin distance between the free and bound conformations of
Paracoccus ETF (see supporting information), which is larger than the difference of 0.9 nm
between the two distributions found in the DEER experiment. Modeling indicates that the two
distributions seen in the DEER analysis are not the result of multiple conformations of the spin
label. The maximum increase in interspin distance caused by varying the dihedral angles of
the spin label is approximately 0.5 nm. The room temperature CW EPR spectrum (supporting
information) shows no evidence of multiple spin label conformations.18 We propose that the
longer distance distribution at 5.1 nm is due to a protein conformation that is intermediate
between the substrate-free and the substrate-bound forms.

In conclusion we have demonstrated enzymatic reduction of a FAD cofactor in a spin-labeled
protein, without destruction of the spin label. The reduced ETF was used to determine the
distribution of distances between the spin label and the FAD SQ−•. This method has the
potential to characterize conformational changes in ETF that occur when it interacts with
various redox partners.
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Figure 1.
Crystal structure of Paracoccus denitrificans ETF (PDB id: 1efp) with the α (blue ribbon) and
β (grey ribbon) subunits, FAD (pink), AMP (yellow) and MTSL spin label (green) highlighted.
Structural domains are labeled using roman numerals. The PDB file was modified, using the
Insight II software (Accelyrs), by substituting a cysteine for an alanine at position 111 of the
β chain and then attaching MTSL. A distance of 4.07 nm between C4 of the FAD and the N-
O bond of the MTSL label (dashed line) was calculated using the program RasTop.
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Figure 2.
(a) CW EPR spectra of spin-labeled A111C ETF with (red) and without (black) enzymatic
reduction to FAD SQ−•. (b) Time dependence of visible spectrum of ETF during enzymatic
reduction to FAD SQ−•. (c) Time domain DEER data from enzymatically-reduced, spin-labeled
A111C ETF and DEER analysis fit using a single Gaussian distribution (yellow) or Tikhonov
regularization (red). (d) Distance distribution calculated from DEER data by Tikhonov
regularization.

Swanson et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2010 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


