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mations of bifurcating electron
transfer flavoprotein constitute up to half the
population, possibly mediating conformational
change†

Sharique A. Khan, ab Alan Hicks,b Wellington C. Leite,b James Byrnes,c

Biswajit Gorai,d Maria-Andrea Mroginski, d Hugh O'Neill*b

and Anne-Frances Miller *a

Electron transfer bifurcation enables biological systems to drive unfavourable (endergonic) electron transfer by

coupling it to favourable (exergonic) transfer of a second electron. In electron transfer flavoproteins (ETFs),

a domain-scale conformational change is believed to sever the favourable pathway after a single electron

has used it, thereby preventing the energy dissipation that would accompany exergonic transfer of the

second electron. To understand the conformation change that participates in turnover, we have deployed

small-angle neutron scattering (SANS) and computational techniques to characterize the bifurcating ETF

from Acidaminococcus fermentans (AfeETF). SANS data reveal an overall radius of gyration (Rg) of 30.1 ±

0.2 Å and a maximum dimension (Dmax) of 100 Å for oxidized AfeETF. These measurements are 4 Å and 30

Å larger, respectively, than those of any published bifurcating ETF structure. Thus, we find that none of the

reported ETF structures can explain the observed scattering, nor can any individual conformation

generated by either of our molecular dynamics protocols. To optimize ensembles best able to explain the

SANS data, we adapted a genetic algorithm. Successful ensembles contained a compact conformation

comparable to one of the crystallographically documented conformations, accompanied by a much more

extended one, and these two conformations sufficed to account for the data. The extended conformations

identified all have Rgs at least 4 Å larger than those of any currently published ETF structures. However,

they are strongly populated, constituting 20% of the population of reduced ETF and over 50% of the

population of oxidized AfeETF. Thus, the published (compact) structures provide a seriously incomplete

picture of the conformation of AfeETF in solution. Moreover, because the composition of the

conformational ensemble changes upon reduction of AfeETF's flavins, interconversion of the

conformations may contribute to turnover. We propose that the extended conformations can provide

energetically accessible paths for rapid interconversion of the open and closed compact conformations

that are believed essential at alternating points in turnover.
1 Introduction

Electron transfer bifurcation (‘bifurcation’) enhances energy
efficiency in both aerobic and anaerobic organisms by coupling
an unfavourable (endergonic) electron transfer to a favourable
tucky, Lexington, KY 40506, USA. E-mail:

tional Laboratory, Oak Ridge, TN 37831,

khaven National Laboratory, Upton, NY

ersität Berlin, 10623 Berlin, Germany
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table and 7 gures. See DOI:

18817
(exergonic) transfer as part of a coupled process. In effect, the
energy of one electron is augmented at the expense of the other
one. The high-energy electron is then transferred to a low
reduction potential acceptor (low E°, strongly reducing), able to
drive demanding reactions such as xation of N2 or CO2.
Bifurcation has been known since the 1970s, when it was
elucidated by Mitchell et al. in the context of the respiratory
chain bc1 complex.1–3 In that case, ubiquinol ðE0

0 ¼ þ90 mVÞ is
the source of a pair of electrons, the Rieske iron-sulphur cluster
protein ðE0

0 ¼ þ285 mVÞ acquires one at high E° thereby ‘paying
for’ direction of the other to cytochrome b as the low E° acceptor
ðE0

0 ¼ þ110 mVÞ.
In 2008, Flavin-based electron bifurcation (FBEB) was iden-

tied by Buckel et al. in anaerobes.4 FBEB employs a avin
instead of a quinone as the site of bifurcation, with the lower E°
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of the two conformations captured in crystal
structures. Ribbon diagrams of AfeETF showing proximity of the two
flavins in the closed conformation (left) vs. exposure of the ET-flavin in
the open conformation (right). Based on their roles in turnover, the two
conformations are also called ‘B-like’ because the closed state appears
to approximate a conformation that would optimize bifurcation by
enabling rapid electron transfer between ETF's two flavins, and ‘D’
because the open conformation positions the ET flavin to donate an
electron to the dehydrogenase or quinone reductase partner.20

Structures are based on 4KPU (left) and 6FAH (right) and displayed
from the same perspective with respect to the base (the lower portion,
as shown). FADs are shown in ball and stick with ET-FAD in teal and BF-
FAD in purple using the CPK convention for non-C atoms. The flavin
headgroups are rendered with thicker bonds for visibility and labelled
in the left-hand structure. Subunits are coloured in pale blue (chain A)
and green (chain B), and domains I, II and III are labelled in the right-
hand structure. The head and base are also indicated by coloured
ovals, showing how the head's orientation relative to the base differs in
the two cases.
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of the avin being consistent with the more reducing metabo-
lism of anaerobes. Flavin adenine dinucleotide (FAD) or avin
mononucleotide (FMN) serves as the site of bifurcation and
yields reduced low-potential electron carriers such as ferredoxin
or avodoxin (Fd or Fld),5 based on abundant but less reducing
two-electron donors, including NADH, reduced coenzyme F420,
H2, or formate.6 FBEB was rst documented in Clostridium
kluyveri, where the butyryl-CoA dehydrogenase (BCD) in
combination with electron transfer avoprotein (ETF) were
demonstrated to couple endergonic reduction of ferredoxin
ðE0

0 ¼ �420 mVÞ by NADH ðE0
0 ¼ �320 mVÞ to the exergonic

reduction of crotonyl-CoA ðE0
0 ¼ �10 mVÞ to butyryl-CoA.4 Since

then, FBEB has been studied in numerous bifurcating ETFs (Bf-
ETFs) from a growing diversity of species, including Acid-
aminococcus fermentans, Acetobacterium woodii, Rhodop-
seudomonas palustris, Pyrobaculum aerophilum and Thermotoga
maritima.7–12

ETFs are heterodimeric FAD-binding proteins. They were
originally discovered in mitochondria, where they associate
with the inner membrane and contribute electrons to the
respiratory electron transport chain.13 Mitochondrial ETFs, or
‘canonical’ ETFs, possess a single FAD that shuttles electrons
from fatty acyl CoA dehydrogenases to the quinone pool14,15 and
a bound AMP that is required for folding and stability.16,17

However, Bf-ETFs contain two FADs.18 The FAD that has no
counterpart in canonical ETFs binds such that its AMP frag-
ment is superimposable on the AMP of canonical ETFs.12 This,
and conservation of residues nearby over both canonical and Bf-
ETFs, indicate that canonical ETFs evolved from bifurcating
predecessors.19 The FAD unique to Bf-ETFs is called the bifur-
cating FAD (Bf-FAD) and is the site of bifurcation.12,19 The FAD
that is common to all known ETFs is called the ET-FAD because
it mediates electron transfer (ET) to the high-E° partner
proteins, including BCD.5,7,12,19–22

The ETF heterodimer comprises three domains. EtfA makes
up domain I and domain II (N- and C-terminal halves of EtfA,
respectively, Fig. 1). The smaller EtfB makes up domain III, but
also contributes its C-terminal residues to domain II, hence-
forth called the ‘head’ (a.k.a. the shuttle). The avin moiety of
the Bf-FAD is situated in the interface between domains I and
III, which together are called the ‘base’. The head associates
with the base via a hydrophilic interface, besides being tethered
to it by polypeptide linkers belonging to EtfA and B. The head
also carries the ET-FAD, whose position relative to the Bf-FAD
depends on the orientation of the head relative to the base20

(Fig. 1).
Crystal structures have revealed two conformations of ETFs,

distinguished by the orientation of the head relative to the
base.8,11,12,20,23–25 The closed25 conformation (also called B-like20)
is exemplied by the crystal structure of ETF from Acid-
aminococcus fermentans (AfeETF, 4KPU, Fig. 1, le side),12

whereas the open conformation (also called ‘D’) is observed in
the ETF from Clostridium difficile (CdiETF, 5OL2) in association
with BCD,20 the Acetobacterium woodii Bf-ETF in complex with
caffeoyl-CoA dehydrogenase (AwoETFCAR, 6FAH),11 the Bf-ETF of
A. woodii's lactate dehydrogenase complex (AwoETFLDH
7QH2),26 and the human canonical ETF in complex with
© 2024 The Author(s). Published by the Royal Society of Chemistry
medium chain acyl CoA dehydrogenase.25 In the closed
conformation, the ET-avin is 18 Å away from the Bf-avin and
partially occluded from solvent (Fig. 1). In contrast, the open
conformation results from 80° rotation of the head domain that
places the ET-FAD on an outward-facing surface accessible to
interacting protein partners, and separates the two avins by 37
Å. The two orientations of the head domain thereby cause the
ET-avin to alternate between positions close to the Bf-avin, vs.
accessible to partners. Thus, head orientation is proposed to
regulate the ET-FAD's electron transfer activity, enabling ET
between the ET-avin and its partners in the open conforma-
tion, and possibly allowing for electron tunnelling between the
ET- and Bf-avins in the closed conformation.20 This echoes
earlier ndings on canonical ETFs, wherein pioneering SAXS
studies demonstrated that these have a dynamic structure in
solution.27,28 A conformation elucidated by cryo-electron
microscopy (cryo-EM) of the ETF from Thermotoga maritima,8

places the avin moieties 25 Å apart, suggesting an interme-
diate in the motional mechanism. An ‘ideal’ bifurcating
conformation, facilitating electron tunnelling between the two
avins, remains to be observed. However, such a conformation
need not be abundant or persistent, due to the rapidity of
electron tunnelling. Regardless, the different captured confor-
mations of ETF suggest that alternation between at least two
orientations of the head plays a critical role in turnover. It is
important to characterize these motions in solution, free of
crystal packing constraints or freeze-trapping. Moreover in
order to be functional, rotation of the head domain must be
Chem. Sci., 2024, 15, 18796–18817 | 18797
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coordinated with other elements of catalysis to maximize effi-
ciency of bifurcation.29

Domain scale motion essential to catalysis has been docu-
mented in many redox enzymes, including the respiratory bc1
complex,30,31 cytochrome P450 reductase (CPR)32,33 and the
canonical ETFs.25 Studies of these systems revealed details of
interactions between the protein domains and cofactors, and
showed how protein conformations can modify the distance
over which electron transfer occurs.25,34–38 However, a complete
picture requires insight from a variety of different methods.
Crystallization or cryo-EM can enrich certain conformations
due to protein–protein interactions39,40 or protein-grid interac-
tions,41 and thus produce a biased picture or fail to capture
a functional conformation.42,43 Therefore, it is critical to also
obtain information on proteins' structures in solution. Small-
angle X-ray scattering (SAXS) is widely used to study protein
conformation in solution44,45 but is problematic in the study of
avoproteins that may undergo redox-coupled conformation
changes, because the X-rays used to make measurements can
trigger avin reduction.46–48 Förster resonance energy transfer
(FRET) and other optical methods can provide detailed insights
in solution49 but suffer similar challenges stemming from avin
photoreduction, in addition to complications in interpretation
due to avins being uorophores themselves, as well as
quenchers.50,51

Similar to SAXS, small-angle neutron scattering (SANS) is
exceptionally well-suited for probing the domain-scale archi-
tecture of protein assemblies, enabling examination of internal
recongurations and dynamics in solution.52 It has been used to
study domain movements within CPR, NADPH-dependent sul-
phite reductases,53,54 and more complex entities such as the 70s
ribosome.55,56 In the case of CPR, Freeman et al.were able to link
domain scale motion to redox changes of the avins.57 In
subsequent work, they used SANS contrast matching with
deuterated protein, to elucidate the solution structure of the
complex between CPR and its electron transfer partner cyto-
chrome c.58

In contrast to SAXS, SANS does not perturb the avins.
Because neutrons lack electrostatic charge and possess rela-
tively low kinetic energy, they engage only weakly with mole-
cules and do not produce the radiation damage or reduction
that can complicate SAXS or cryo-EM.59 This and its applicability
to dilute solutions of large complexes, beyond the scope of
nuclear magnetic resonance (NMR) spectroscopy, make SANS
ideal for studying ETF. Moreover, ongoing developments in
computational modelling of SANS data enable elucidation of
the solution structures of multidomain proteins and complexes,
including Bf-ETFs.

Herein, we have used AfeETF to investigate domain scale
motions in Bf-ETFs. We have delineated the resting conforma-
tion of Bf-ETF, proposing a structural ensemble in solution
distinct from what has previously been reported.41 By contrast-
ing SAXS and SANS data, we have demonstrated the tendency of
ETF to populate different conformations under the inuence of
X-rays vs. neutrons. Leveraging molecular dynamics (MD) based
modelling tools, we describe an equilibrium between extended
18798 | Chem. Sci., 2024, 15, 18796–18817
and compact conformations of ETF, conrming a shi in this
equilibrium upon reduction of the bound avins.41

Based on the Bilbo-MD CHARMM workow commonly
employed for SAXS data modeling,60 we developed tools for
analysing SANS data, implementing a genetic algorithm (GA)
and metadynamics61,62 to explore conformational ensembles
and identify those that best adhere to the data. Freeman et al.58

used MultiFOXS63 with SANS data to understand the exibility
of CPR upon reduction. By integrating such an approach with
a GA, we were able to dramatically expand our conformational
search space to explore possible advantages of integrating
structures obtained by metadynamics with those identied by
Bilbo-MD.64 Thus, we report a comprehensive investigation of
the conformational landscape that may be explored by AfeETF,
via sampling over a thousand conformations generated by
Bilbo-MD and metadynamics simulations.

Finally, we explored the possible mechanistic signicance of
conformational change in ETF, testing for effects of two
elements of catalytic turnover: reduction of the avins or
partner protein binding. The latter was made possible by
selective deuteration and contrast variation techniques that are
unique capabilities of SANS.56,65 Thus, we have advanced tools
available for studying domain-scale movements in proteins by
SANS, and used these to put forth a new proposal for the
signicance of extended conformations in enabling dynamic
rearrangements of ETF. The SANS data could only be explained
by invoking an ensemble of conformations wherein a very
signicant population explores extended conformations not
previously examined. We propose that these extended confor-
mations can provide critical paths between the open and closed
compact conformations, thereby enabling their interconversion
as required for catalytic competence.20

2 Experimental section
2.1. Production of AfeETF

The expression plasmid, pASG IBA33, containing the genes
Acfer_0555 (encoding EtfB) and Acfer_0556 (encoding EtfA) was
provided by R. Hille, with permission of Chowdhury et al. The
plasmid was engineered to include a C-terminal 6X-His tag on
EtfA.12 To produce the target protein, this plasmid was trans-
formed into E. coli Nico21-DE3 cells (New England Biolabs
C2529H).

A preculture was cultivated in 10 mL of LB medium sup-
plemented with carbenicillin at 100 mg mL−1, overnight at 37 °C
and 220 rpm. For protein expression, 1 L of TB medium
augmented with 100 mg mL−1 carbenicillin was prepared in a 3 L
Erlenmeyer ask. This was inoculated with the 10 mL overnight
preculture. Cells were grown at 37 °C and 200 rpm until
reaching an OD600 of 0.6–0.8. At this point, the culture
temperature and agitation were reduced to 18 °C and 180 rpm
respectively, and protein expression was induced by addition of
anhydrotetracycline to achieve a nal concentration of 0.2 mg
mL−1. The culture was grown for an additional 18 hours at 18 °C
and 200 rpm before harvesting the cells and washing them with
PBS (phosphate buffered saline: 137 mM NaCl, 2.7 mM KCl,
10 mM K2PO4 and 1.8 mM KPO4, pH 7.4) by centrifugation. Cell
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pellets (typically 14–15 g L−1 culture) were ash-frozen in liquid
N2 and stored at −80 °C.

To obtain puried protein, frozen cells were thawed and
suspended in a binding buffer composed of 50 mM HEPES,
10 mM imidazole at pH 7.5, augmented to be 1 mM PMSF
(phenylmethylsulfonyl uoride), 2 mM benzamidine, 1 mM
NaF, benzonase nuclease (1 mL fromMillipore sigma # 71205-3),
recombinant lysozyme (1 mL, Millipore sigma #: 71110-4) and
1 mM FAD (2 mL binding buffer per g cell pellet). Cell lysis was
accomplished using sonication in pulses of 5 seconds separated
by 30 second pauses for a total of 30 cycles, with the cell
suspension on ice. Aer centrifugation to remove debris and
un-lysed cells (16 000 rpm for 20min), the resulting supernatant
(claried cell lysate) was loaded onto a gravity-propelled column
containing Ni-nitrilotriacetate resin, pre-equilibrated with the
binding buffer (5 mL resin for 15 g cell pellet). The column was
washed with 20 column volumes (CV) of the binding buffer
supplemented with 20 mM imidazole. Finally, the target protein
was eluted from the column using 150 mM imidazole in the
binding buffer.

The eluted protein was concentrated by centrifugation in an
Amicon ultra centrifugal concentration device (3 kDa cut off) to
a volume of 3 mL. This was exchanged into fresh buffer by gel
ltration on a Biorad 10DG column (Econo-Pac 10DG Desalting
Columns #7322010), which was pre-equilibrated with 50 mM
KPO4 (potassium phosphate dibasic plus potassium phosphate
monobasic) at pH 7.0. Excess FAD (to 1 mM) was added to
restore any FAD lost in earlier steps, in the course of overnight
incubation at 4 °C. Gel ltration on pre-equilibrated 10DG
column was employed on the following day to remove any
unbound FAD. The pure protein was concentrated to 12 mg
mL−1 (0.18 mM) and rapidly frozen in liquid N2 for storage at
−80 °C.

Protein puried and frozen at the University of Kentucky was
shipped to Oak Ridge National Laboratory (ORNL) on dry ice.
On the day of SANS data collection, protein was thawed and size
exclusion chromatography (SEC) was used to capture the frac-
tion containing individual EtfAB heterodimers, and remove any
higher-order assemblies. SEC was performed on a AKTA GO
purication system using a Cytiva Superdex 200 Increase 10/300
GL column pre-equilibrated with 50 mM KPO4 at pH 7.0. AfeETF
eluted as a single peak in size exclusion chromatography (SEC),
consistent with the 67.97 kDa mass expected for the hetero-
dimeric protein (Fig. S1†). Only central fractions were employed
for SANS. Such material was replete with FAD (FAD 2.1 ± 0.2
FAD per ETF heterodimer) and retained activity with its
substrate NADH. This same-day resolution and data collection
assured that the ETF used had accumulated minimal avin
modication or aggregates. As prepared and maintained in air-
equilibrated buffers, it was deemed oxidized (OX) based on its
optical spectrum which shows that both avins were oxidized.66
2.2. BCD deuteration

The gene encoding BCDwas generously provided by Chowdhury
on the IBA33 plasmid. The plasmid was transformed into E. coli
BL21(DE3) cell line for expression. For production of deuterated
© 2024 The Author(s). Published by the Royal Society of Chemistry
BCD, cells were initially grown in 6 L LB media at 37 °C until
OD600 reached 0.6–0.8. The cells were then centrifuged in sterile
centrifuge tubes at 4000×g for 30 min. The pellets were resus-
pended in 45 mL of 70% deuterated Enfors media67,68 and
centrifuged at 4000×g for 10 min to remove residual LB media.
Cell pellets were then resuspended in 2 L of 70% deuterated
Enfors media, this time augmented with carbenicillin (100 mg
mL−1

nal), and gene expression was induced by addition of
anhydrotetracycline to 0.2 mg mL−1

nal. Expression of BCD in
70% D2O media was carried out for 18 hours at 18 °C.

BCD was puried at 4 °C. Cell pellets were resuspended in
the lysis buffer (50 mM Tris, 150 mM NaCl pH 7.5, augmented
with one capsule of ‘cOmplete’ EDTA-free protease inhibitor
cocktail (Roche, 11836170001), Benzonase nuclease (1 mL from
Millipore sigma # 71205-3) recombinant lysozyme (1 mL, Milli-
pore sigma #: 71110-4) and 1 mM FAD, at the ratio of 4 g cells
per mL of buffer. Suspended cells were lysed by sonication
using a Branson 450 Digital Sonicator at 40% amplitude for 30
cycles (pulse on for 5 s and off 30 s) on ice. The lysed cells were
centrifuged at 17 000×g for 20 min and the claried lysate was
ltered using 0.45 mm syringe lter. The rest of the purication
steps were as for the ETF except that the nal buffer was 50 mM
Tris–HCl, 150 mM NaCl at pH 7.5.

The complex of ETF and BCD was generated by mixing 200
mL of 4 mg mL−1 ETF with 300 mL of 3 mg mL−1 BCD. This
yielded 500 mL of 23.55 mM ETF and 25.6 mM BCD. The mixture
was resolved by SEC as above yielding and only central fractions
were used (ESI Fig. S1†). The buffer was 75% D2O to null net
scattering from dBCD.
2.3. SANS experiments and data collection

SANS data were collected at the Bio-SANS instrument,69 at the
High-Flux Isotope Reactor (HFIR) at ORNL. SANS experiments
were conducted with a single instrument conguration of the
dual detector system, utilizing the Panel Scan feature70 of the
data acquisition system. The main detector was positioned 7.0
meters from the sample position, while the wing detector was
placed 1.13 meters from the sample and rotated at an angle of
1.4° with respect to the incoming neutron beam. In this
conguration, the range of scattering vector (Q) was 0.007 < Q <
1 Å−1, where Q = 4p sin(q)/l (2q is the scattering angle and l is
the neutron wavelength). Neutrons with a wavelength of 6 Å and
a relative wavelength spread (Dl/l) of 13.2% were utilized. The
processed scattering data were circularly averaged and reduced
to 1D scattering proles using drtSANS soware.71,72 Calibration
of the SANS data to an absolute scale was performed by
measuring a porous silica standard with known intensity at zero
angle (extrapolated from a Debye–Bueche plot).

SANS samples were contained in 1 mm pathlengths cylin-
drical cuvettes (Hellma 120-1 mm), with 320 mL of 3 mg mL−1

protein per sample. The cuvettes were customized with ground-
glass airtight seals, ensuring that the reduced samples
remained in their reduced state throughout the experiments.
The reduced state samples were prepared with de-gassed
buffers in a He-lled glove box (PLAS labs, Lansing Michigan).
Solutions of NADH and dithionite were likewise prepared in the
Chem. Sci., 2024, 15, 18796–18817 | 18799
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anaerobic box. NADH and dithionite were carefully added to the
samples, in the glove box, to yield approximately 10-fold stoi-
chiometric ratio vs. ETF. Samples thus comprised ETF at 44 mM
accompanied by NADH at 480 mM based on absorbance of the
NADH stock solution at 340 nm, or dithionite at 440 mM based
absorbance of the dithionite stock solution at 315 nm. The
cuvettes were tightly sealed to prevent any exposure to air upon
removal from the box. Paralm was then applied to secure the
stoppers. Samples were at 10 °C in darkness during data
collection.
2.4. SAXS experiments

Size exclusion chromatography coupled with Small-Angle X-ray
Scattering (SEC-SAXS) was executed at the Life Sciences X-ray
Scattering Beamline (LIX) at NSLSII (Brookhaven National
Lab). Briey, 60 mL of sample was injected onto a Superdex 200
Increase 5/150 GL column (Cytiva) using an Agilent 1260 Innity
II Bio Inert HPLC system. Samples in 50 mM potassium phos-
phate buffer (pH 7.0) were kept at 12 °C in the multisampler and
run on the column at room temperature. The ow rate was set to
0.35 mL min−1 and eluate from the column was split 2 : 1 via
a passive splitter between the X-ray ow cell and UV branch
respectively.73 Small- and wide-angle X-ray scattering SAXS/
WAXS images were collected simultaneously on a Pilatus 1 M
(SAXS) and Pilatus 900K WAXS detector. The exposure time was
2 seconds, and 350 frames were collected. Data were merged,
scaled and subtracted using LIX beamline soware, py4xs and
lixtools as described elsewhere.74
2.5. SANS data analysis and calculation of theoretical
scattering

Initial SANS data analysis, including Guinier ts and pair-
correlation, was performed using the BioXTAS RAW program
and the ATSAS suite.75,76 The pairwise distance distribution
function, P(r), was calculated using the indirect Fourier trans-
form method in the GNOM program.77 The SANS data were
tted to theoretical scattering proles generated from atomic
model coordinates using Pepsi-SAXS/SANS.64
2.6. Augmentation of crystal structures to reect actual
proteins used

Because the available PDB structures of ETF did not include the
unstructured termini or His6 tags, AlphaFold2 (AF2) was
employed to add them, as well as to apply the amino acid
sequence of AfeETF to the different published conformations, to
permit more accurate comparison with our data. AF2-multimer
models of the 4KPU, 6FAH, and 7KOE PDB conformations of the
AfeETF were generated in ColabFold.78,79 The PDBs were used as
the only templates with no MSA and with the unpaired-paired
setting for alignment with the sequence of AfeETF. The pair-
wise all-atom RMSDs to the original PDB structures along with
the other structures are shown in Table S1.† SAXS and SANS
proles were then calculated from the AF2 PDB models with
Pepsi-SAXS/SANS64 with 500 q-vectors spanning from 0.0 to 0.5
Å−1 out to the 50th multipole order at 100% D2O. Deuterated
18800 | Chem. Sci., 2024, 15, 18796–18817
PDBs for the Pepsi-SANS calculations were generated using the
SCOMAP-XD deuteration algorithm80 at 100% solvent D2O.

2.7. Genetic algorithm: ensemble optimization for SANS

To validate the application of GAs to SANS data, we developed
an algorithm similar to that used in the minimum ensemble
search of Bilbo-MD.60 Details are provided in the ESI.† In brief,
our algorithm nds the minimum set of conformations that
best ts the experimental scattering prole. The conformations
present and the fractions of the population each represents are
varied to generate candidate ensembles. Best performers are
identied based on agreement between the SANS they predict
and the data. Conformers were generated using the Bilbo-MD
workow and/or metadynamics. Both started from the 4KPU
PDB structure with the His6 tag added, because 4KPU was ob-
tained using AfeETF, the variant of Bf-ETF used in our SANS.
The base domain was dened as EtfA1-205 and EtfB1-11,36-219,
and designated as the xed domain for Bilbo-MD sampling. The
two exible linkers between the base and head domains in EtfA
and EtfB were le exible, along with the loop, EtfB12-35. All
other domains were held rigid. 1200 conformations were
generated, split into six 3 Å Rg bins, with 200 conformations per
bin. Another set of conformations was generated with the FADs
in place, in their OX states, using metadynamics (Section 2.9
below).

SAXS and SANS proles were calculated from each of the
ensembles as described above. These weighted ensemble scat-
tering proles were t to experimental data using the lmt
module in python with the Nelder–Mead algorithm.

We ran the GA for 2-, 3-, and 4- conformer ensembles over 75
generations and 5 iterations. These settings were chosen as it
was equally likely to nd an optimal solution at 25 generations
as it was at 100 generations (ESI Fig. S2†) 75 generations
provided an efficient compromise permitting 5 repeat simula-
tions with different initial conditions.

2.8. System preparation for metadynamics MD simulations

We started with the X-ray crystal structure of the closed
conformer (B-like conformation) of AfeETF (code: 4KPU) but
discarded water molecules and ions present in the structure. To
append the His6-tag to the C-terminus of EtfA, we employed
MODELLER 10.4.81 His-tagged AfeETF with both the avins was
placed at the centre of a dodecahedral box extending
a minimum distance of 15 Å from any atom of the protein. The
box was lled with TIP3P explicit water molecules82 and 19
sodium ions were added to neutralize the system. The system
was minimized using the steepest-descent algorithm to remove
any unusual geometry and steric clashes. We then equilibrated
the system at 300 K for 500 ps using the Berendsen thermostat
with a coupling time of 0.1 ps followed by equilibration at 1 atm.
pressure for 5 ns using the Berendsen barostat. All H-bonds
were constrained with the LINCS algorithm during system
equilibrations.83 All-atom MD simulations were performed with
a time-step of 2 fs with the Amber ff14sb force eld using the
GROMACS 2019.6 suite.84 GAFF compatible parameters for OX
FAD were adapted from our previous work.85
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.9. Metadynamics simulations

We performed metadynamics simulations for 50 ns to sample
plausible energetically favourable conformations that might be
accessed from the closed conformer (ESI Fig. S3†).61,62 GRO-
MACS patched with PLUMED 2.9 was employed to study the
conformational transition of the protein.86 In this enhanced
sampling method, a history dependent repulsive Gaussian
shaped bias potential is deposited along a collective variable
(CV): distance between the centre of masses of the Bf-FAD and
ET-FAD based on their non-hydrogen atoms. Gaussians with
heights of 0.1 kJ mol−1 and widths of 0.05 nm were deposited
every 0.4 ps to ll the energy wells (local minima) and encourage
the system to explore the whole free-energy surface in
a reasonable computational time. Thus the process favours
departure from the starting conformation but does not bias the
system towards a predetermined end-point. In the production
run, temperature and pressure were regulated using V-rescale
and Parrinello-Rahman coupling methods, respectively.87 The
coordinates from metadynamics simulations were saved at
every 20 ps. We used Gromos' clustering algorithm with an
RMSD cut-off value of 2 Å to cluster the conformations adopted
by AfeETF during the simulation.88 400 conformations were
thereby captured: 20 conformations from each of 20 different
clusters.
Fig. 2 SANS demonstrates population of extended conformations in
2.10. Analysis of selectively deuterated complexes

Bilbo-MD sampling for the ETF2$BCD2 complex was performed
by freezing all the BCD atoms and using the same residue
selections as were used for ETF alone. We sampled 1200
conformations with Rg bins between 45 to 55 Å. These 1200
conformations were added to the combined ensemble from the
free AfeETF for the GA analysis. SANS proles were calculated
using Pepsi-SANS64 with the same inputs as above at 75%
solvent D2O content. BCD non-exchangeable hydrogens were
deuterated according to the 70% D2O growth conditions
(∼51%), while the exchangeable hydrogens of the whole ETF2-
$BCD2 complex were deuterated at the 75% solvent D2O
conditions with SCOMAP-XD.80 The GA was run as a 3-state
model over 5 iterations and 75 generations.
solution, depending on oxidation state. Panels A and B: pairwise
distance distribution functions (P(r) profiles), wherein the prevalence
(or probability) of scattering sites being separated by a particular
distance is plotted vs. the distance separating the two scattering sites,
r. Panels C and D: SANS profiles, with corresponding error-normalized
residuals (panels E and F). The insets in panels C and D are Guinier fits.
Results are compared for the oxidized (OX) state (panels A, C, and E),
and the reduced (RED) state (panels B, D, and F). The data (circles) are
compared with theoretical SANS and P(r) profiles calculated from the
closed conformation (green, AfeETF's crystal structure, 4KPU,
augmented to include the terminal His6 tag) and the open confor-
mation (brown dashed line, based on AfeETF's sequence augmented
with terminal His6 modelled on 6FAH). All data analyses were per-
formed with Pepsi-SANS64 as described in the Experimental section.
The open and closed conformations are compared in Fig. 1 and S4.†
Error bars are shown as solid vertical lines. In the P(r) profiles (panels A
and B) they are standard deviations based on multiple fits to the data
using a series of Monte Carlo simulations,91 while for the SANS profiles
(panels C and D), they are derived from counting statistics errors (N1/2/
N), where N is the number of detector counts.
2.11. Structural analysis

For each conformation selected by the GA, FADs were restored
to each of the head and base independently, based on overlays
with the head domain of EtfA, or EtfB's contribution to the base
(Etf33-199.B) because EtfB supplies almost all the binding
contacts to the Bf-FAD. These overlays produced backbone
RMSDs of 1.6 Å or less. The RFAD distance was then determined
by calculating the minimum distance between any heavy atom
in the isoalloxazine rings of the ET-FAD and Bf-FAD in VMD89

for Bilbo-MD derived structures, or mdtraj for the metady-
namics ensembles. The Rg and the RMSD of both ensembles
were calculated using mdtraj.90 The RMSD was calculated
between backbone and CB atoms vs. the 4KPU or 6FAH struc-
tures to provide comparisons to the closed or open conforma-
tions, respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3 Results
3.1. ETF's scattering cannot be explained by the crystal
structures

SANS of the OX state of AfeETF revealed complexity not evident
from the crystal structures. Whereas pairwise distances
approaching 100 ± 10 Å are evident from the pair distance
distribution function, (P(r)), the theoretical SANS calculated
based on the crystal structures yielded distances no longer than
80 Å, even when the models included the unstructured peptide
termini (Fig. 2A, Experimental section 2.6). Neither 4KPU
(closed conformation) nor 6FAH (open conformation) was able
to explain the experimental prole, yielding c2 values vs. the
data of 86.7 and 96.7, respectively (A good t is indicated by c2

values approaching 1, but not larger than 10). The three pub-
lished open conformation structures have RMSDs to one-
another of #2.7 Å so they are similar, whereas the RMSD
Chem. Sci., 2024, 15, 18796–18817 | 18801
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between 6FAH and the closed structure 4KPU is 10.4 Å, high-
lighting the distinction between open and closed (also see
Fig. S4†). Modelling based on the ‘intermediate’ cryo-EM
structure did not improve agreement either, as the c2 of 138.2
was even higher (7KOE, Table 1). The high c2 values are
consistent with the fact that all of the open, intermediate, and
closed conformations are compact, with theoretical radii of
gyrations, Rgs, no larger than 26 Å (Table 1). Thus, the larger
dimensions observed by SANS (Rg= 30.1± 0.2 Å and Dmax= 100
± 10 Å) cannot be explained by any of the solid-state structures.
More extended conformation(s) must be populated in solution.
Fig. 3 Optical spectra documenting oxidation states of SANS samples.
Blue lines describe OX AfeETF, red lines describe RED AfeETF. Spectra
recorded before and after SANS data collection are in solid and dashed
presentations, respectively. ‘Before’ data were collected some 2–4
hours before data collection occurred and ‘after’ data were collected
at least 16–24 hours afterwards, due to safety protocols in place.
Considering the long intervals over which the samples were at 10 °C in
air, the changes observed are relatively modest. Moreover because the
data were collected early in that interval, most of the changes
occurred afterwards, so the data indicate that the sample remained
reduced throughout the SANS data collection and a relatively small
population of flavin (<10%) underwent conversion to 8-formyl flavin
based on increased amplitude in the OX spectrum near 430 nm. Inset:
Bar graph showing extinction coefficients at 374, 390, 454 and 700 nm
that capture spectral features associated with flavin anionic semi-
quinone (3374, 3390), OX state (3454) and RED flavin with bound NAD+

(flavin hydroquinone: NAD+ charge-transfer, 3700). All values were
scaled to 3454 of the OX samples, set to 100.
3.2. Oxidation state affects the conformation of bifurcating
ETF

Because ETF's function involves alternation between oxidation
states, we tested SANS' ability to detect a redox-coupled
conformational change. Moreover, the above disagreement
between dimensions detected by SANS and those obtained via
X-ray crystallography/cryo-EM could be explained if avin
reduction causes contraction of the ETF, because both of the
latter methods reduce the avins, via the radiation used.46–48

We used UV-visible spectra to test for full and sustained
reduction of our reduced (RED) ETF samples. We contained our
RED samples in custom sample cells with ground glass joints,
loaded and sealed in an anaerobic chamber, to exclude air.
Upon reduction with NADH, 10-fold diminution of absorbance
at 454 nm vs. OX documented avin reduction to the fully RED
hydroquinone state (Fig. 3). Broad features attributable to RED
Table 1 Parameters derived from analysis of SANS and SAXS, and comparison with theoretical predictions

Samples Oxidized Reduced (NADH) Reduced (dithionite) Oxidized Oxidized complex w. dBCD

Technique (solvent) SANS SANS (100% D2O) SANS (100% D2O) SEC-SAXS (H2O) SANS (75% D2O)

Guinier analysisa

I (0) (cm−1) 0.577 � 0.002 0.354 � 0.001 0.445 � 0.001 18.5 � 0.1 0.124 � 0.006
Rg (Å) 30.3 � 0.2 25.8 � 0.1 25.9 � 0.2 27.6 � 0.1 48.7 � 3.7
Q × Rg range 0.39–0.98 0.44–1.36 0.18–1.28 0.26–1.29 0.34–1.28

P(r) analysisa

I (0) (cm−1) 0.570 � 0.002 0.358 � 0.001 0.448 � 0.001 18.8 � 0.1 0.122 � 0.006
Rg (Å) 29.9 � 0.2 26.9 � 0.1 26.8 � 0.2 28.8 � 0.1 53.3 � 3.2
Dmax (Å) 100 � 10 100 � 10 100 � 10 120 � 10 185 � 7
Q × Rg range 0.01–0.42 0.01–0.49 0.01–0.39 0.009–0.29 0.007–0.21

c2 of PDB tsb

c2 vs. 4KPU (Rg = 25.3 Å, Dmax = 95.3 Åc) 86.7 22.8 23.6 7.7 —
c2 vs. 6FAHd (Rg = 25.3 Å, Dmax = 88.5 Å) 96.7 29.9 22.3 5.2 —
c2 vs. 7KOEe (Rg = 24.6 Å, Dmax = 87.9 Å) 138.2 37.9 38.7 9.6 —
c2 vs. 5OL2f (Rg = 25.7 Å, Dmax = 79.8 Å) — — — — 2.7

a Errors in the Guinier and P(r) analysis are standard errors from the ts to the SANS and SAXS data. The error estimate for the Dmax is based on the
range of input Dmax values that produced acceptable ts to the SANS data. b Theoretical scattering was computed for each structure aer modelling
the full sequence of AfeETF including N- and C-terminal unstructured amino acids and tags onto the structure in question. Predicted SANS proles
were generated using Pepsi-SANS.64 Due to the wide range of acceptable Dmax values for both RED and OX AfeETF, we xed the Dmax at 100 for both
oxidation states. c Deposited structures were augmented with a His6 tag prior to calculation of Dmax values.

d 6FAH is used as a proxy for open
conformations in general. RMSDs among different open conformations: 6FAH − 5OL2 = 1.3 Å across all 328 pairs. 6FAH − 7QH2 = 2.7 Å
across all 326 pairs. 5OL2 − 7QH2 = 2.9 Å across all 323 pairs. Between open and closed conformations: 6FAH – 4KPU = 10.3 Å across all 327
pairs. e 7KOE has been described as an intermediate state between open and closed. f Values pertain to the ETF only. For the complex: Rg =
47.2 Å, Dmax = 164 Å.

18802 | Chem. Sci., 2024, 15, 18796–18817 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Bf-avin complexed with NAD+ (l$ 650 nm) were also observed,
and retained, documenting sustained reduction of our ETF over
the entire period of data collection.

The SANS prole of RED AfeETF indicates a Rg of 25.8± 0.1 Å,
approximately 4 Å smaller than that of OX AfeETF (Rg of 30.3 ±

0.2 Å, Table 1). There is also a very clear difference between the
shapes of the P(r) curves produced by OX and RED samples
(Fig. 2). The peak of the P(r) for OX has a shoulder at shorter
distances from the maximum, which is not present for reduced
AfeETF. Thus, SANS clearly discerns a change, even though
avin reduction is a structurally subtle event, corresponding to
addition of a hydride (H−) to each avin. However, our use of
NADH as the reductant allows that binding of this dinucleotide
could be the conformational trigger instead, or in addition. To
test this, we also collected SANS on AfeETF reduced with the
inorganic reductant dithionite. The results were not distin-
guishable from those obtained using NADH (Fig. S5† and
Table 2), indicating that reduction of the avin(s) suffices to
produce the altered solution conformational behaviour,
whereas bound nicotinamide dinucleotide is not required. Our
nding that nicotinamide dinucleotide binding does not have
a large effect is consistent with the fact that conformational
dynamics are observed even in canonical ETFs, that do not bind
NADH.25,92

Although reduction of bound avins produces relatively
small local consequences, extensive work on CPR documents
that this can drive long-range conformational changes.57 Thus,
our nding that avin reduction decreases the population of
extended ETF conformations is consistent with similar
conclusions in diverse other systems.54,93 We caution that the
fully RED state of AfeETF, wherein both avins are simulta-
neously in the HQ state, as well as the fully OX state where both
avins are OX, may have minor physiological relevance.
Nevertheless, our comparison of these two oxidation states
Table 2 Best-fitting ensembles identified by a genetic algorithm, relatio

Sample SAS technique
Source(s) of
conformers

Extend

Popula

Oxidized ETF SANS Bilbo-MD 0.52
Metadynamics 0.61
Combined 0.56

Reduced ETF (NADH) SANS Bilbo-MD 0.19
Metadynamics 0.28
Combined 0.19

Reduced ETF (dithionite) SANS Bilbo-MD 0.20
Metadynamics 0.29
Combined 0.20

‘Oxidized’ ETF SEC-SAXS Bilbo-MD 0.22
Metadynamics 0.22
Combined 0.22

ETF-dBCD complex
ETF2-dBCD2 complex SANS Combined 0.46
Free/singly bound ETF 0

a The extended and compact conformations obtained from each modellin

© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrates that the system's conformational ensemble is
coupled to the oxidation state of at least one of the two avins.

As for the OX state, SANS of RED AfeETF were incompatible
with the predictions of solid-state structures, yielding c2 values
of 22.4 vs. 4KPU, and larger values vs. the other structures.
Although the disagreement is less severe than for data from OX
samples, none of the three static structures explain our RED
state SANS proles (Fig. 2). The SANS proles display large
deviations from the predictions made based on the static
structures, especially in the mid-to-high-Q region (see Fig. 2E
and F). Additionally, even though the experimental P(r) resem-
bles the shape of the theoretical P(r) from 4KPU, it is unable to
reproduce pairwise distances longer than 70 Å.
3.3. SANS-guided MD sampling of the conformational space
of AfeETF

Although the SANS of RED AfeETF documents smaller contri-
butions from extended conformations, it is still not explainable
by any of the known structures 4KPU, 6FAH or 7KOE. Therefore,
we employed two types of molecular dynamics (MD) methods to
explore energetically accessible conformations of AfeETF and
ensembles thereof, to identify solutions compatible with the
data. (1) We modelled rigid body motions of connected
domains using Bilbo-MD's CHARMM simulation engine,94,95

and (2) employed an advanced sampling method to accelerate
comprehensive exploration of atomistic dynamics (metady-
namics61,62). Both approaches initiated their conformational
searches with the crystal structure of AfeETF 4KPU augmented
to include unstructured residues and the purication tags
(Experimental section 2.6).

Bilbo-MD simulations explored a broad range of conforma-
tions as displayed in the distance between the two FADs (RFAD)
plotted vs. the ETF Rg (Fig. 4A and C). Obtained conformations
yielded average c2 values vs. the SANS data of 20.5 and 30.1 for
ns to crystal structure and ensemble's quality of fit to data

ed conformationsa Compact conformationsa

c2tion Rg, (Å) Dmax (Å) Population Rg (Å) Dmax (Å)

32.3 130.3 0.48 25.1 79.7 2.7
30.8 103.1 0.39 24.5 81.8 8.3
32.6 129.4 0.44 24.9 83.6 1.3
34.6 123.4 0.81 25.5 93.1 5.9
30.5 101.7 0.72 25.2 84.8 13.5
34.8 125.5 0.81 25.5 93.1 5.9
34.8 125.5 0.80 25.5 93.1 7.6
30.5 101.7 0.71 25.2 84.8 19.5
34.8 125.5 0.80 25.5 93.1 7.6
34.7 127.6 0.78 25.0 80.0 10.3
29.6 98.9 0.78 25.7 94.9 34.7
32.3 127.6 0.78 25.0 80.0 10.3

29.3 107.1 0.21 25.6 96.6 0.8
NA NA 0.33 24.5 82.8

g method are listed.

Chem. Sci., 2024, 15, 18796–18817 | 18803

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04544k


Fig. 4 Map of fit to data onto conformational and function-related
distances sampled by the Bilbo-MD and metadynamics ensembles.
Each point is a structure representing a cluster that emerged from
Bilbo-MD (panels A and C) or metadynamics (panels B and D), and is
placed according to the minimum distance between any heavy atoms
in the two FAD's isoalloxazine (‘flavin’) rings (RFAD, a distance related to
speed of electron transfer between the flavins) and the radius of
gyration (Rg, characterizing the degree of extension). In the top row,
the points are coloured according to fit to OX data (A and B) vs. RED
data below (C and D). c2 values for the fits to the OX (blue to green to
yellow) and RED (red to orange to yellow) data were then binned
according to the upper limits shown in the legends, in order of low to
high c2. For reference, the values obtained from the exemplar crystal
and cryo-EM structures 4KPU (closed), 7KOE (intermediate) and 6FAH
(open) are displayed as well, using different symbols.
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the OX and RED states, respectively. Thus, these explorations
yielded improvements vs. the solid-state structures. Fig. 4
colour-codes the quality of t to SANS data, with intense (dark)
colours representing conformations that better t the data, ts
to OX-state data in panels A and B, and ts to RED-state data in
panels C and D. The Bilbo conformers with Rg values similar to
those of the exemplar structures (4KPU = closed, 6FAH = open
and 7KOE is intermediate), had c2 values from 57 to 107 vs. OX
data (blue to light blue, Figure 4A) and 20 to 50 vs. RED data (red
to light orange, Fig. 4C), respectively. Thus, the RED state is
better described by conformations resembling the experimental
structures. This could be because the experimental methods
used produced partial reduction.

Conversely, the conformer with the minimum c2 vs. the OX
state data (46.2) had a Rg of 29.9 Å and a RFAD of 49.4 Å. The
former is 4 Å larger than that of any of the solid-state structures
available at the time of writing, and the latter is longer than yet
observed in an ETF. In addition, despite the failure of solved
structures to explain the larger pairwise distances observed,
individual MD conformers that are more extended also failed,
as conformers with Rg values greater than 29 Å displayed
elevated c2 values that increased with Rg, for both oxidation
states. Thus, simply increasing the Rg of a single model did not
yield an improved t.

The conformers from metadynamics (Fig. 4B and D) covered
similar ranges of RFAD and Rg as those covered by Bilbo-MD
conformers, but did not sample the most expanded conforma-
tions. The best-tting structures identied by metadynamics
18804 | Chem. Sci., 2024, 15, 18796–18817
also had higher c2 values than the best-tting structures ob-
tained by Bilbo-MD, but metadynamics obtained more struc-
tures with intermediate Rg and RFAD values (26–28 Å Rg) that
produced relatively low values of c2. Metadynamics also yielded
conformers resembling all three of the experimental exemplars.
Thus, the less extended RED state produced the same trend of
lowest c2s for shortest distances, for both Bilbo-MD and meta-
dynamics. However, ts to the data from the more extended OX
state did better with the intermediate-Rg structures that
emerged frommetadynamics. Nevertheless, the lowest values of
c2 obtained by individual structures were still unacceptably
high (26.6 and 23.2 for the OX and RED states, from metady-
namics), despite comprehensive exploration of conformation
space.

Since the conformations with intermediate Rg and RFAD values
produced some of the lowest c2 to the OX data, it seemed
possible that the correct model contains features of both the
extended and compact conformations. Therefore, we quantied
the ability of the average of the MD ensembles to describe the
scattering data. For the RED state, the average of the conforma-
tional ensembles from Bilbo-MD and metadynamics provided
similar c2 values of 30.15 and 33.76, respectively, but these are
higher than c2 values produced by conformers close to the crystal
structure (4KPU). However for the OX state, the average scattering
prole from the entire ensemble of Bilbo-MD conformers
(unweighted) t the SANS data better (c2 = 20.5) than did any of
the solved structures, or the average of the proles of the
ensemble of metadynamics conformers (c2 = 43.0).

These results suggest that the OX state, in particular,
requires consideration of multiple conformers to describe the
data. However, a simple average of all conformers does not
account for the experimental results, even for the RED state.
Thus, not all conformers are equally likely and/or conforma-
tions not sampled are required for a full description.
3.4. Identifying best-matching ensembles of conformers
using a genetic algorithm

To determine the minimum number of conformations required
to describe the SANS of AfeETF, we employed a genetic algo-
rithm (GA) ensemble optimization search.96,97 We applied it to
Bilbo-MD and metadynamics conformational ensembles sepa-
rately, and combined. Our methodology was inspired by the
Bilbo-MD framework,60 but we replaced calculation of SAXS with
calculation of SANS, and retained a GA to identify structures
and populations that optimize agreement between the simu-
lated and observed SANS data.

Optimized ensembles yielded greatly improved ts to data,
for both oxidation states. In the OX state, the best ensemble
based on Bilbo-MD-derived conformers included two confor-
mations and t the data with a c2 value of 2.7 (Table 2).
Ensembles with three and four conformations generally yielded
larger c2 values and were therefore not pursued (ESI Table S1†).
The optimal 2-conformer model included an extended and
a compact conformation with theoretical Rgs of 32.3 and 25.1 Å
(Fig. S6A†), accounting for 52 and 48% of the population,
respectively (Table 2).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Agreement achievedwith SANS data using a genetic algorithm and conformers fromBilbo-MD andmetadynamics. Panels A and B compare the
agreement with experimental P(r) profiles obtained by various fitting strategies wherein the prevalence (or probability) of scattering sites being separated
by a particular distance is plotted vs. the distance separating the two scattering sites, r. Fits toOX P(r) are in panel A and those to RED (NADH) ETF'sP(r) are
in panel B, with the P(r) data shown as open circles in blue forOX and red for RED. Predictions of the best GAmodel for each state are the blue solid lines,
and the models are those provided in Table 2 with c2 = 1.3 (OX) and 5.9 (RED). For comparison, the predictions obtained when the GA drew only on
subsets of the conformations are also shown: solidmagenta lines depict the optimized ensembles employing two Bilbo-MD-derived conformations (c2

= 2.7 for OX, 5.9 for RED) and gold lines depict those based on two metadynamics-derived conformations (c2 = 8.3 for OX, and 13.4 for RED). The
theoretical P(r) from the AfeETF crystal structure 4KPU is also shown as a green line. Panels C and D are the corresponding normalized Kratky plots.
Panels E and F are the corresponding SANS profiles, with their normalized residuals in panels G and H, which also share the horizontal axes of E and F.
Error bars are shown as solid vertical lines. For P(r) profiles (panels A and B) they are standard deviations based onmultiple fits to the data using a series of
Monte Carlo simulations.91 For normalized Kratky plots (panels C and D) they are standard errors propagated from SANS profiles. Errors for the SANS
profiles (panels E and F) are derived from counting statistics errors (N1/2/N), where N is the number of detector counts.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 18796–18817 | 18805
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For the RED state, two conformations from Bilbo-MD also
sufficed to model the data, yielding a c2 value of 5.9 for an
ensemble in which an extended conformation (Rg = 34.6 Å)
described 19% of the population and a compact conformation
(Rg = 25.5 Å) was populated to 81%. The extended conformer
identied for the RED state is different from than obtained for
the OX state (Fig. 6, and S6†). However, the compact conformers
identied for the RED and OX states are similar (RMSD of 4.9 Å).

The GA also identied two-conformer models based on
conformers from metadynamics, obtaining c2 values of 8.3 and
13.4 for the OX and RED states, respectively. Again, each opti-
mized ensemble comprised an extended and a compact
conformation. The extended conformer accounted for 61% of
the population for the OX state but only 28% of the population
for the RED state. The larger population of an extended
conformation from metadynamics vs. Bilbo-MD could reect
the metadynamics-derived conformations' being less extended
(smaller Rgs of 30.8 and 30.5 Å) than the extended conforma-
tions identied from the Bilbo-MD ensemble (Rgs of 32.2 and
34.8 Å) and therefore requiring greater population to achieve
comparable t.

When our GA protocol drew upon a pool of conformations
derived from both MDmethods (‘combined’), the results for the
OX state again supported a two-conformer model. Its signi-
cantly smaller c2 value of 1.3 is a 2.0- and 6.4-fold improvement
in c2 compared with models obtained from Bilbo-MD or met-
adynamics ensembles separately. The resulting model includes
an extended conformer similar to the extended conformation
obtained from Bilbo-MD alone. However, the compact
conformer was selected from metadynamics simulations, from
the same region of the c2 landscape as the crystal structure
(4KPU, RMSD of 8.2 Å). The t to the RED state data was not
signicantly improved by application of the GA algorithm to
a combined ensemble of Bilbo-MD and metadynamics confor-
mations, as indicated by the obtained c2 value of 5.9. As in the
other attempts, a three-conformer model yielded no better t to
RED data, with a c2 value of 6.0.

The c2 values relied upon by the GA to optimize models were
based on agreement between theoretical and observed scat-
tering proles. However, a more nuanced appreciation of the
distinctions between the models is obtained by comparing
theoretical predictions with pairwise distance proles and
Kratky plot presentations of the data (Fig. 5). The theoretical P(r)
proles calculated from GA models (Bilbo-MD, metadynamics,
and combined) align well with experimental P(r) proles for
both OX and RED states (Fig. 5A and B, respectively). All three
models capture the overall shape of the P(r) curves, including
the peak position that represents the most probable distance
between pairs of atoms within the protein. In addition, the
dimensionless Kratky plots inform on exibility (Fig. 5C and D).
Specically, the dimensionless Kratky plot for a single globular
particle is a bell-shaped prole with a maximum normalized
intensity of 1.1 at the normalized Rg of 1.73.98 However, AfeETF
displays a maximum that is more elevated and shied to longer
Q × Rg, indicating that it has some degree of exibility, espe-
cially in the OX state. Additionally, both the OX and RED state
data show a prominent shoulder at longer Q × Rg z 5
18806 | Chem. Sci., 2024, 15, 18796–18817
suggesting the presence of multiple domains, consistent with
ETF's organization into distinct head and base domains.

Although the GA algorithm achieved slightly better agreement
with data when allowed to employ conformations from both
Bilbo-MD and metadynamics, all the models employing two
conformations greatly outperformed the crystal structures. Thus,
we conclude that AfeETF in solution is best described as an
ensemble of at least two conformations of which one is similarly
compact to the crystal structures or cryo-EM models, but the
other conformation is considerably more extended. Although
prior work has equated extended conformation to the open
conformation, we re-iterate that the structures of the open
conformation have Rgs comparable to that of the closed confor-
mation (25.3 Å for both of 6FAH and 4KPU, Table 1, Fig. S4†).
Based on their theoretical scattering proles (Fig. 2) the open and
closed conformations documented in crystal structures are not
distinguishable by our SANS data. The extended conformation
shown by our GA to be essential to a complete description of
AfeETF in solution, is an additional conformation.

3.5. Insight into the nature of the extended conformation(s)

Our two MD protocols provided examples of what the extended
conformation might look like (Fig. 6). Although those arising
from metadynamics retain interactions between the base and
head domains, the predictions of the ensembles based on
extended conformers from Bilbo-MD agree better with data
(Fig. 5). Bilbo-MD-derived ensembles better reproduced
observed Kratky plots and P(r) proles, especially in the region
of 70–100 Å (magenta in Fig. 5), than did predictions from
models based on metadynamics-derived conformations (gold).
This gives credibility to the extended conformations captured
by Bilbo-MD, wherein the head domain is essentially detached
from the base, only tethered translationally by linker poly-
peptides but free to rotate (Fig. 6, and S6†). Thus, the confor-
mational ensemble of AfeETF, especially when OX, includes
conformations in which the head domain enjoys extensive
orientational freedom from the base.

We do not claim that our best-tting ensembles are unique
solutions. Instead, we expect that the conformations that suffice
to model the data could represent populations that uctuate
about the average conformation chosen by the GA as best
tting. However, the data themselves indicate distinct confor-
mational ensembles for different oxidation states, so we are not
surprised that the best-tting extended conformers deviate
from one another signicantly. Additional work will be needed
to characterize the heterogeneity and dynamic differences
between the conformational ensembles populated by the
different states of AfeETF.

3.6. Interaction of bifurcating ETF with partner enzyme
butyryl CoA dehydrogenase

The open conformation of ETF has only been observed when
ETF is complexed with a partner,11,20 suggesting that partner
binding alters the relative stabilities of accessible conformers.
To investigate the effect of partner binding on the conformation
of ETF in solution, we performed SANS experiments using the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ensemble optimization identifies diverse extended conforma-
tions along with more similar compact conformations. Individual
conformations were overlaid based on residues 33–199 of the EtfB
chain within the base domain (lower domain as shown). Conforma-
tions obtained from fits to OX data are in blue hues, those obtained
from fits to RED data sets are in red hues and conformations selected
by the GA for ETF in complex with dBCD are in greens. The flavin head
groups are depicted with heavy balls-and-sticks whereas the ribbon
cartoons of the protein backbones are 70% transparent. Thus, the
positions of the ET-flavin reveal the orientations of the head domain
and the distances between flavins, which vary considerably, especially
among extended conformations. The Bf-flavins appear more
stationary because they are in the base domain, which was the basis of
the overlay.

Fig. 7 SANS of ETF in the presence of partner protein dBCD, and
inadequacies of fits using either compact or extended ETF alone.
Scattering from AfeETF is shown as magenta circles, stemming from
ETF complexed with deuterated dBCD partner (the dBCD produces no
net scattering and therefore does not contribute). Panel A: P(r) profiles,
wherein the prevalence (or probability) of scattering sites being
separated by a particular distance is plotted vs. the distance separating
the two scattering sites, r. Panel B: SANS scattering profiles with
Guinier plot as an inset. Panel C: residuals after fitting. The data are
compared with the theoretical scattering predicted based the ETF2-
$BCD2 crystal structure in which the two ETFs are compact (orange
lines, 5OL2), as well as predictions obtained from the optimal
ensemble based on the combined pool of conformers and described
in Table 2 (black lines). These two cases yield c2 values of 2.7 and 0.8
respectively. Error bars are shown as solid vertical lines. For the P(r)
profile (panel A) they are standard deviations based on multiple fits to
the data using a series of Monte Carlo simulations,91 while for the SANS
profile (panel B), they are derived from counting statistics errors (N1/2/
N), where N is the number of detector counts.
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ETF in complex with the binding partner BCD. To differentiate
scattering from ETF from scattering from BCD, we used
partially deuterated BCD (dBCD) in combination with protiated
ETF at a (1 : 1) molar ratio (concentrations of 26 mM). We per-
formed SANS measurements in a 75% D2O buffer to match the
scattering from dBCD (minimal contrast between dBCD and the
75% D2O buffer, Fig. S7†). Under these conditions, scattering
from protiated (1H) ETF dominates the data aer subtraction of
buffer contributions (including dBCD). Thus, differences
between SANS of ETF vs. SANS from ETF$dBCD are dominated
by effects due to conformational changes in ETF alone.

In the crystal structure of the ETF$BCD complex (5OL2), the
BCD is a dimer. Each BCD binds an ETF, and the two ETFs are
spatially separated on opposite sides of the BCD dimer
(Fig. S8†20). Accordingly, the SANS-based P(r) prole of ETF in
the complex indicated an asymmetrical bimodal distribution of
molecular densities with peak positions at 28 Å and 125 Å, and
higher molecular densities for the rst peak than for the second
one (Fig. 7). The rst peak is consistent with the numerous
shorter pairwise distances within each participating ETF. The
second peak at longer distances is best explained by scattering
between a scatterer in one ETF and a scattering partner in the
other. The clear minimum between the modes at 75 Å is
© 2024 The Author(s). Published by the Royal Society of Chemistry
consistent with the separation of the two ETFs by an intervening
BCD dimer, and the fact that BCD was deuterated and matched
by the degree of buffer deuteration so that it would not
contribute to the scattering observed. Thus, the position of the
Chem. Sci., 2024, 15, 18796–18817 | 18807
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Fig. 8 Comparison of SAXS and SANS of OX ETF. Panel A: P(r) profiles,
wherein the prevalence (or probability) of scattering sites being
separated by a particular distance is plotted vs. the distance separating
the two scattering sites, r. Panel B: normalized Kratky plots. Panel C:
scattering profiles. Panel D: graphical comparison of the SAXS analysis
results (second from top) with those of SANS of the OX state (above)
and the two RED states (below). In panel D, results of Bilbo-MD are in
magenta/pink, those obtained from metadynamics are in amber/gold
and those that were chosen from combined analyses are in violet, as in
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null corresponds to half the centre-to-centre distance between
two separated ETFs.

Although the longest pairwise distances observed were not
predicted based on the crystal structure (>160 Å, Fig. 7) the
scattering predicted based on 5OL2 (ref. 20) provided reason-
ably good agreement with the ETF2$dBCD2 SANS data. The ts
were also reasonable when ETF was included in the structural
model in a compact or an extended conformation derived from
Bilbo-MD sampling. c2 values of 2.7, 3.2, and 4.1 were obtained
for a model based directly on 5OL2, a model allowing replace-
ment of 5OL2's ETF with a Bilbo-MD compact or a model
employing extended Bilbo-MD conformations, respectively.
However, none of the models incorporating ETF in only one
conformation could capture the higher probability densities
within the rst peak in the P(r) prole. This indicates that an
additional scattering contribution for short-range distances
must be included in the model. We interpreted this to reect
a small population of ETF that is either free or is bound to
a dBCD2 alone, without a neighbouring ETF able to produce
long inter-ETF distances. We treated these possibilities by
including a population of uncomplexed ETF (since dBCD
produces no net scattering).

To nd a minimal ensemble of conformations able to describe
the SANS of AfeETF complexed to dBCD, we applied our GA
approach with 1200 conformations sampled from the BCD-ETF
complex Bilbo-MD simulations as well as the 1600 conforma-
tions in our combined set of conformations of ETF alone. There-
fore, our search considered an ensemble of conformations of two
physically separated ETF dimers (bound to BCD) along with some
free or singly bound ETF as required by the high probabilities of
shorter pairwise distances. The best model is a mixture of 67%
ETFs bound on opposite sides of BCD, in an extended (46%) or
a compact conformation (21%), together with 33% of ETF in
a compact conformation free or bound alone to dBCD. This
ensemble yielded a c2 value of 0.76 vs. the SANS (Table 2).

For the two ETFs in complex with dBCD, our data and
analysis indicated a collective Rg of 53.3 ± 3.2 Å. This Rg is
signicantly larger than the Rg calculated from the 5OL2 start-
ing conformation (Rg of 47.3 Å). Individual ETFs in the complex
had Rgs of z 25.6 Å (compact conformation) and z 29 Å
(extended). Although the distinction between extended and
compact was less pronounced for the ETFs complexed to BCD
than for free ETFs, complexation does not appear to trap better-
dened conformations, since 69% of the bound ETF populates
an extended conformation (vs. 56% of OX ETF in the absence of
BCD, Table 2).
Fig. 5. In each case the lengths of the horizontal bars depict each
conformer's Rg while the thickness (height) of the bar denotes the
population of that conformation in the two-conformer ensemble.
Thus, compact conformers are more populated in RED states (thicker
bars), and the SAXS analysis produces a similar result, whereas fits to
OX data yield higher populations of the extended conformations. Error
bars are shown as solid vertical lines. For P(r) profiles (panel A) they are
standard deviations based on multiple fits to the data using a series of
Monte Carlo simulations.91 For normalized Kratky plots (panel B) they
are standard errors propagated from SANS profiles. Errors for the SANS
profiles (panel C) are derived from counting statistics errors (N1/2/N),
where N is the number of detector counts.
3.7. Comparison of SAXS and SANS: possible
photoreduction of ETF

Our SANS results are distinct from recently-reported SAXS.41 To
test whether the difference could reect reduction of avins
during irradiation with X-rays,46–48 we compared SAXS data with
SANS data in the different oxidation states. SAXS was done
following in-line size exclusion chromatography (SEC-SAXS) in
air-equilibrated buffers, as for SANS. Thus, AfeETF began the
experiments in the OX state with z0.25 mM dissolved O2. The
18808 | Chem. Sci., 2024, 15, 18796–18817
latter can reoxidize photoreduced ETF for a while, but may also
yield reactive oxygen species in so doing.

Analysis of the SEC-SAXS data produced RSAXS
g = 27.6 ± 0.1 Å

and DSAXS
max = 120 ± 10 Å. These values are distinct from those

obtained by SANS (Rg= 30.3± 0.2 Å, Dmax= 100± 10 Å). Indeed,
SAXS and SANS scattering proles displayed large differences in
the high-Q region (Fig. 8C). Specically, the SANS prole
displays a shoulder around 0.2 Å−1, which is much less
pronounced in the SAXS prole. Furthermore, the P(r) prole
from the SANS data indicates a shoulder at 20 Å in addition to
the main peak at 40 Å, whereas the P(r) prole from SAXS
indicates a single peak at 35 Å (Fig. 8A), as in our RED state
SANS (Fig. 2). Moreover, the SAXS P(r) prole differs
© 2024 The Author(s). Published by the Royal Society of Chemistry
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signicantly from the OX SANS P(r) regarding population of
long distances (and therefore the most extended conforma-
tions); instead, the SAXS resembles SANS of reduced AfeETF at
long values of r. Finally, the normalized Kratky plot of SAXS data
lacks the prominent shoulder near Q × Rg = 5 that reveals
multiple domains with some degree of mobility relative to one-
another, which was clearly observed in SANS experiments.

Accordingly, application of the GA to the SAXS data using
conformations from the combined Bilbo-MD/metadynamics
ensembles indicated the population of extended conformers
to be only 22% in SAXS experiments. This differs markedly from
our SANS results for OX ETF (56% extended) and is almost
indistinguishable from our RED SANS results (20% extended,
Fig. 8D). The same nding emerges when ensembles were
constructed from conformers resulting from Bilbo-MD or from
metadynamics (Fig. 8D), demonstrating that the result is inde-
pendent of our analytical approach. Thus, the use of air-
equilibrated buffers did not prevent samples exposed to X-ray
rays from behaving as if partially RED. It is therefore simplest
to conclude that a signicant fraction of the ETF became
reduced in the course of SAXS data collection, resulting in
adoption of the associated distinct conformational equilibrium.

4 Discussion
4.1. Value of genetic algorithm to optimize ensemble
descriptions

Catalytic turnover of ETF is believed to require alternation
between two conformations, the closed (or B-like) conformation
believed to enable bifurcating electron transfer from the Bf-
avin to the ET-avin and another acceptor, and the open (or
D) conformation in which further electron transfer is presumed
to occur from the ET-avin to a recipient dehydrogenase, BCD
in the case of AfeETF.12,20,25,99 Therefore, crystal structures of
closed12 and open11,20,26 Bf-ETF served as invaluable reference
points for interpreting our SANS results. Indeed, it was the
contrast between the predictions made by these structures vs.
the SAXS and SANS of AfeETF that demonstrated that AfeETF in
solution either adopts a novel conformation or exists in
a conformational ensemble including at least one new confor-
mation not known from any prior structural studies.41 Crucially,
all ETF structures solved to-date are compact, with Rgs smaller
than 26 Å.8,11,12,20,26 However our SANS data require that
a substantial fraction of the population in solution must have
a Rg of 30 Å or higher.

Second, to learn whether conformational changes might be
triggered by changes in avin oxidation state, it is important to
have a measurement technique that does not itself produce
avin reduction. This rules out methods that use electromag-
netic radiation with wavelengths shorter than 800 nm, such as
uorescence, FRET, X-ray-crystallography and SAXS. Indeed,
our results suggest that SAXS data describe partially RED AfeETF
even when an OX sample and air-saturated buffer were used.
Cryo-EM is also excluded by its use of an intense beam of
electrons (reductants by denition). NMR is non-perturbative,
but is challenging to apply to proteins larger than 40 kDa and
requires high protein concentrations that can result in
© 2024 The Author(s). Published by the Royal Society of Chemistry
aggregation. SANS also probes nuclei, however scattering gains
effectiveness with increasing molecular weight, making rela-
tively dilute solutions sufficient for data acquisition. Crucially,
SANS is compatible with physiological conditions and applies to
biomolecules in solution where their propensity for conforma-
tional change is not constrained by the experiment.

Scattering projects a tumbling three-dimensional structure
into a one-dimensional prole of scattering intensity vs. scat-
tering vector, Q. Although it rarely suffices to dene a structure
de novo, it can oen arbitrate between provided possibilities.
Thus, interpretation of scattering data is greatly empowered by
tools able to calculate the scattering expected from different
structures.64,75 Moreover, such tools can now exploit the rapidly
developing reliability of predicted and computed
structures,78,100–102 using SANS to validate the structures
consistent with observed solution behaviour.103 Thus, the
shortcomings of SANS are now complemented by modern
structure prediction/calculation, and SANS is positioned to
provide the experimental tests that are critical to the credibility
and intelligent use of a veritable ood of new structural models.

In the case of ETFs, scattering is also expanding our
thinking, thanks to its capacity to test the descriptions provided
by conformational ensembles. This requires not only identi-
cation of the best-supported structures, but also optimization of
the abundance of each.60 We generated a large pool of candidate
conformations using two contrasting approaches, to mitigate
effects of bias or blind spots associated with individual
methods. We used Bilbo-MD60 which maximizes ability to
explore large-scale conformational variation by focusing on
rigid body movement of domains relative to one-another. To
also capture effects of movements within domains, we used the
‘metadynamics’ enhanced MD protocol, which accelerates
sampling with respect to a selected collective variable.61 All-told,
the combination of the two approaches provided 1600 candi-
date conformations of AfeETF which were used to model each of
the data sets. Bilbo-MD was already validated for modelling
SAXS data,60 so we adopted its workow and generated a GA tool
to interpret SANS data.

Our GA employs pools of MD-generated conformations in
ensembles of stipulated sizes and compares their scattering
predictions with data.60,63,97 Although more complex ensembles
were tried, 2 conformations sufficed to minimize c2, thanks to
the structural diversity in our starting sets of conformations.
The best tting ensembles combined conformations generated
from both Bilbo-MD and metadynamics that individually
exhibited relatively high c2 values vs. SANS of both OX and RED
samples. Indeed, no individual conformation successfully
described the scattering results, whereas GA optimized
ensembles yielded signicant improvement in the c2 values vs.
SANS data.
4.2. AfeETF in solution signicantly populates an extended
conformation not represented by any existing solid-state
model

In all cases, the optimized ensembles included an ‘extended’
and a ‘compact’ conformation, so named because they have very
Chem. Sci., 2024, 15, 18796–18817 | 18809
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different Rgs (as well as Dmax
0
). We do not claim that the

ensembles and conformations chosen by the GA are unique
solutions. However, we emphasize that all our data require (1)
a description in terms of a conformational ensemble of at least
two conformations and (2) substantial population of a confor-
mation that is more extended than any previously solved
structure. The latter represents more than 50% of the pop-
ulation of OX AfeETF, and is essential to achieve an acceptable
description of the behaviour of AfeETF in solution.

Our extended conformations cannot be equated with either
the open, closed or ‘intermediate’ conformations. This does not
reect avoidance of published structures, as some conforma-
tions very similar to published structures were chosen as the
compact conformation, including both intermediate and closed
conformations (Table 2, and Fig. 6). However, the very similar
sizes and shapes of the open and closed conformations make
them very difficult to distinguish by SANS (Fig. S4† and see their
Rgs and Dmax

0
in Table 1). In contrast, none of the extended

conformations resembles any published structure, based on
their RMSDs vs. either 4KPU or 6FAH of 13.4 Å or higher, vs.
RMSDs of 8.4 to 0.9 Å between compact conformers and 4KPU
or 6FAH (Table S1†). Similarly, our extended conformers' Rg

values for free ETF range from 30.5–34.8 Å, whereas the solid-
state structures including both open and closed conforma-
tions have Rg values not larger than 25.9 Å (and as small as
24.6 Å).
4.3. Observation of a reduction-triggered conformation
change

Published mechanisms for ETF associate specic electron
transfer events with each of the open and closed conformations,
but do not exclude population of additional conformations that
may play other roles. To interrogate possible mechanistic rele-
vance for the proposed extended conformations, we tested for
a correlation between their population and an element of
enzymatic turnover: avin redox state.

In the OX state of ETF (both avins oxidized), the optimized
two-conformer ensemble had almost equal populations of the
extended and compact conformers (Table 2). However upon
reduction with NADH or dithionite, the population distribution
shied to some 80% in compact conformations. Thus, the
conformational equilibrium is coupled to the redox states of the
ETF's avins, and hence elements of activity. The compact
conformations obtained from the RED ETF data more closely
approximate the crystallographic conformations of ETF than
those obtained for OX ETF, possibly reecting partial photore-
duction of avins during the X-ray data collection that led to the
crystal structures.

Murray et al. also detected a shi towards more compact
conformation upon reduction using NADH, based on SAXS of T.
maritima ETF (TmaETF).41 Although they observed a less
pronounced effect than we did, this could reect our use of
a fully OX reference state whereas they used as-isolated ETF as
the reference, which is already partially reduced. Whilst fully OX
ETF may have limited physiological relevance, it constitutes
a well-dened reproducible starting point against which to
18810 | Chem. Sci., 2024, 15, 18796–18817
assess changes. Moreover, this choice maximized our ability to
detect effects produced by our SAXS conditions (Fig. 8). Thus,
we observed a 4.5 Å smaller Rg upon reduction with NADH vs.
2.3 Å in TmaETF. We observed a similarly signicant contrac-
tion upon reduction with dithionite, in contrast to TmaETF
assessed vs. as-isolated. The TmaETF work's use of a reference
state that is already partially reduced, and likely accrued addi-
tional photoreduction during data collection (Fig. 8), can
explain the smaller effects produced by additional chemical
reduction.

Nevertheless, our SAXS results agree well with those ob-
tained on TmaETF, and qualitatively similar results were ob-
tained with NADH for the two different ETFs, the AfeETF that
partners with an acyl CoA dehydrogenase and TmaETF that
partners with a quinone reductase.41 This conrms that the
nding is both robust and general.

Our data also produce important insight. First, we noted that
both the open and closed conformations are compact, with
respect to not only their physical dimensions, but also their
abilities to describe scattering data. Prior authors have equated
their compact conformation in solution with the closed
conformation and their extended conformation with the open
conformation, on the basis of the distance between FADs.41

However, simple rotation of the head domain can separate the
FADs from one-another without producing a large change in Rg

or Dmax (Table 1). Extended conformations also separate the two
FADs, but this is not the only way to achieve it. Moreover,
neither SANS nor SAXS arbitrates on the proximity of the FADs,
so we have only indirect evidence, via the conformance with
data of conformations with different inter-FAD distances, to
infer how far apart the FADs may be. Specically, among our
compact conformations we have short, intermediate, and long
RFADs, so the closed, intermediate, open, and even the sought-
aer bifurcating conformation (‘true-B’) can be in that cate-
gory, as required by the short Rg values of the published
exemplars. We note that a large population of extended
conformer is present in our complex with BCD, but the very
large Rg value of the complex as a whole results in best-tting
models where the extended conformation of ETF is not snugly
appressed to BCD as would be required to bring their two avins
close together and support electron transfer.

Instead, we emphasize that the extended conformations are
novel, not corresponding to any of the previously solved open or
closed structures (ESI Tables 1 and S1†).

Third, we nd that the more compact behaviour of RED
states can be explained by diminished population of extended
conformations. Although the extended conformations selected
by the GA varied considerably, as expected based on the greater
freedom provided by the larger volume of space accessible to
them, they always had a Rg at least 4.5 Å larger than that of the
compact conformation that co-characterized the ensemble.
What changed most with oxidation state was the extended
conformation's population. Whereas the ratio of extended to
compact was 1 : 1 in OX AfeETF (equivalent to an equilibrium
constant of 1), the corresponding ratio was 0.25 : 1 in the RED
states. Thus, the equilibrium appears coupled to the oxidation
state of at least one avin.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Even with minimal observed population of extended
conformations, their effective equilibrium constant of 0.25 at
10 °C translates to an energy vs. compact of only 3.3 kJ mol−1

and demonstrates that extended conformations are readily
accessible, energetically. Their substantial population increases
the possibility that they can be physiologically relevant and
contribute to function.
Fig. 9 Cartoon of how an ensemble of extended conformations could
mediate interconversion of the closed and open conformations. We
suggest that an ensemble of extended conformations could serve as
a friction-free ‘reservoir’ that facilitates interconversion of closed and
open ETF by disengaging interactions between base and head domain,
thereby affording the head increased freedom to explore diverse
orientations before re-engaging interactions with the base. The head is
depicted in blue and the base in sea green; the ET-flavin is coloured in
yellow and the Bf-flavin is in green.
4.4. Functional relevance of models

Our proposed extended conformations may play a role in the
accepted mechanism of Bf ETFs.12 This builds on Demmer
et al.'s proposal for conformational change as part of turnover20

as rened in subsequent papers.8,11,26,41 In brief, the Bf-avin is
understood to accept a pair of electrons as hydride from NADH.
The resulting RED Bf-Flavin then reduces both the ET-avin and
a low-potential acceptor (Fld or Fd) in tightly coupled single-
electron transfers.5 This bifurcating event is held to occur in
a hypothetical Bifurcating conformation approximated by the
closed conformation of Bf-ETFs, where the proximity of the two
avins would maximize the efficiency of ET. The ET-avin likely
rests in its anionic semiquinone state (ASQ10,11) and therefore
would assume the HQ state upon reduction (meanwhile the Bf-
avin would have returned to its OX state aer also reducing
Fld/Fd). To return the ET-avin to its resting state and complete
its catalytic cycle, the ETF must place the ET-avin in contact
with potential electron accepting partners. In the accepted
mechanism, this is accomplished by the open (D)
conformation.

Our data suggest how the required large conformation
change can occur. We propose that the extended conformations
we observe in solution canmediate the conversion of closed ETF
to the open conformation and back, in particular in ETFs that
can dissociate from their high-potential partners. Kayastha
et al.26 and others have presented a rotation-in-place possibility
for the head domain, akin to a morph between the open and
closed conformations via the intermediate conformation
rened based on cryo-EM.8 Alternatively, or in addition, we
suggest that the extended conformations revealed by SANS/
SAXS reect a dynamic conformational reservoir that provides
almost friction-free paths between the compact open and closed
conformations (Fig. 9).

In both oxidation states, AfeETF populates an ensemble of
extended and compact conformations, based on the substantial
amplitude of long-distance scattering. Extended conformations
identied by the GA show that the newly exposed surfaces of the
separated base and head are relatively hydrophilic, consistent
with relatively facile detachment of the head, that nonetheless
does not result in escape due to the exible linkers. These
properties of AfeETF rationalize the energetic accessibility of the
extended conformations. In turn, the extended conformations
enable the head domain to rotate freely with greatly diminished
constraints (Fig. 6). Upon re-association with the base, the
result can be the closed conformation even if the starting point
was open, and vice versa.

In catalytic turnover, association with BCD or analogous
partners could stabilize the open conformation, ‘extracting’ it
© 2024 The Author(s). Published by the Royal Society of Chemistry
from the conformational ensemble sampled via extended
conformations. The RED state of the ET avin could favour this
via RED ETF's preference for compact conformations relative to
extended. However, upon electron transfer to the BCD partner,
the ET avin would be reoxidized restoring higher preference
for extended conformations, and thus detachment from BCD
and equilibration with a closed conformation. The latter might
then be trapped by binding of the next NADH. The conforma-
tional equilibrations would be accelerated by access to the
extended conformations in which the energetic barrier between
open and closed conformations would be greatly depressed.
The fact that compact open conformations were not identied
by our GA for our ETF in complex with BCD could be because
our sample was fully OX, rather than the RED state of ETF ex-
pected to complex most strongly with BCD.
5 Conclusions

Electron bifurcation produces strong reductants at the expense
of more weakly reducing starting material, in turn enabling
enzymes to drive difficult reactions based on modest but
Chem. Sci., 2024, 15, 18796–18817 | 18811
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abundant fuel. In Bf-ETFs, 80° rotation of a 25 kDa domain is
believed to gate electron transfer to ensure that the high-energy
electron is not dissipated. To examine conformational changes
in Bf-ETF without perturbing the two avins, we employed
SANS, developing tools to leverage modern computational
methods to interpret our data in terms of protein structures.
Ensembles of two conformers were required to t the SANS
data, and their relative proportions proved responsive to the
oxidation state of the ETF, arguing in favour of catalytic rele-
vance. The extended conformations that emerge are not
compatible with any of the previously published structures,
open, closed, or intermediate. However, we propose that the
ensemble of newly described extended conformations could
provide conformational paths for interconversion between the
compact open and closed conformations, lowering the kinetic
barrier to domain rotation and accelerating a potentially rate-
limiting step in catalytic turnover.
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85 M. González-Viegas, R. K. Kar, A. F. Miller and
M. A. Mroginski, Noncovalent interactions that tune the
reactivities of the avins in bifurcating electron
transferring avoprotein, J. Biol. Chem., 2023, 299, 104762.

86 M. Bonomi, D. Branduardi, G. Bussi, C. Camilloni,
D. Provasi, P. Raiteri, D. Donadio, F. Marinelli, F. Pietrucci,
R. A. Broglia and M. Parrinello, PLUMED: A portable
plugin for free-energy calculations with molecular
dynamics, Comput. Phys. Commun., 2009, 180, 1961–1972.

87 G. Bussi, T. Zykova-Timan and M. Parrinello, Isothermal-
isobaric molecular dynamics using stochastic velocity
rescaling, J. Chem. Phys., 2009, 130, 074101.

88 X. Daura, W. F. van Gunsteren, B. Jaun, A. E. Mark,
K. Gademann and D. Seebach, Peptide Folding: When
Simulation Meets Experiment, Angew. Chem., Int. Ed.,
1999, 38, 236–240.
18816 | Chem. Sci., 2024, 15, 18796–18817
89 W. Humphrey, A. Dalke and K. Schulten, VMD – Visual
Molecular Dynamics, J. Mol. Graphics, 1996, 33–38.

90 R. T. McGibbon, K. A. Beauchamp, M. P. Harrigan, C. Klein,
J. M. Swails, C. X. Hernández, C. R. Schwantes, L.-P. Wang,
T. J. Lane and V. S. Pande, MDTraj: A Modern Open Library
for the Analysis of Molecular Dynamics Trajectories,
Biophys. J., 2015, 109, 1528–1532.

91 D. I. Svergun and J. S. Pedersen, Propagating Errors in Small
Angle Scattering Data Treatment, J. Appl. Crystallogr., 1994,
27, 241–248.

92 D. Leys, J. Basran, F. Talfournier, M. J. Sutcliffe and
N. S. Scrutton, Extensive conformational sampling in
a ternary electron transfer complex, Nat. Struct. Biol.,
2003, 10, 219–225.

93 G. Kang, A. T. Taguchi, J. Stubbe and C. L. Drennan,
Structure of a trapped radical transfer pathway within
a ribonucleotide reductase holocomplex, Science, 2020,
368, 424–427.

94 B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States,
S. Swaminathan and M. Karplus, Charmm – a Program
for Macromolecular Energy, Minimization, and Dynamics
Calculations, J. Comput. Chem., 1983, 4, 187–217.

95 B. R. Brooks, C. L. Brooks, A. D. Mackerell, L. Nilsson,
R. J. Petrella, B. Roux, Y. Won, G. Archontis, C. Bartels,
S. Boresch, A. Caisch, L. Caves, Q. Cui, A. R. Dinner,
M. Feig, S. Fischer, J. Gao, M. Hodoscek, W. Im,
K. Kuczera, T. Lazaridis, J. Ma, V. Ovchinnikov, E. Paci,
R. W. Pastor, C. B. Post, J. Z. Pu, M. Schaefer, B. Tidor,
R. M. Venable, H. L. Woodcock, X. Wu, W. Yang,
D. M. York and M. Karplus, CHARMM: The Biomolecular
Simulation Program, J. Comput. Chem., 2009, 30, 1545–1614.

96 G. Tria, H. D. T. Mertens, M. Kachala and D. I. Svergun,
Advanced ensemble modelling of exible macromolecules
using X-ray solution scattering, IUCrJ, 2015, 2, 207–217.
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